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1: INTRODUCTION. 
1.1 OVERVIEW. 
This research deals with the development of a Solar-Powered UAV designed for remote sensing, in particular to 
the development of the autopilot sub-system and path planning. The report covers an exhaustive literature review 
on UAVs, Solar-Powered UAVs, UAVs for data collection, and mission path planning. The design of the Solar-
Powered UAS followed a systems engineering methodology, by first defining system architecture, and selecting 
each subsystem. Validation tests and integration of autopilot is performed, in order to evaluate the performances 
of each subsystem and to obtain a global operational system for data collection missions. The flight tests planning 
and simulation results in order to verify the mission capabilities using an autopilot on a UAS for data collection 
and video monitoring are also explored. 
The development of unmanned aerial systems (UAS) has attracted the attention of university research centers and 
government agencies during the past years. UAS have demonstrated their great potential in military applications. 
UAS can also be used for civilian operations; bush fire monitoring, power line inspection and data collection. 
Australia widespread area is subjected to a number of bush fire events every year. QUT is currently involved on 
a project to develop small nano sensor and deploy them in rural Australia to monitor gas and other environmental 
conditions. The transmission range of these solar powered sensors is limited. The sensors are deployed at distances 
sometimes in excess of 1 or 2 km therefore transmission power and data collection is an important factor.  
An alternative to capture the data from the sensor is to fly the UAV over the region were the network is deployed 
and collect the data by flying the UAV at a predefined altitude (<200 m above the ground). The system will 
interrogate the sensor and collect the data. The deployment of these sensors can be over a widespread area and a 
continuous monitoring (>24 h) may be required, for example monitoring the temperatures in a bush fire risk area. 
ARCAA is working on the development of a small solar powered UAV for remote sensing task. This UAV can 
monitor and collect the data from the sensor networks.  
According to the author’s knowledge there are no current Solar-Powered unmanned aerial systems used for data 
collection at low altitude (< 200m). This unique aspect of this research, is to develop a Solar-Powered UAS for 
the purpose of data collection and video monitoring, especially data and images from the ground; transmit to the 
GS (Ground Station) segment the data collected, and afterward available to be analyze with a Matlab code. 
2:  LITERATURE REVIEW. 
2.1 OVERVIEW. 
This literature review focuses on the four main topics of this work, existing UAV systems, Solar-powered UAVs, 
data collection UAVs and mission path planning. The first part is a brief discussion on existing UAVs and their 
main functional categories. The second part explained the Solar-Powered UAVs with basic principles on solar 
cells and an example of existing system. The third part deals with UAVs for data collection with an example of 
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an existing project at QUT and literature review on existing autopilot systems. The last part is mainly on mission 
path planning and some applications. 
2.2 UAVs. 
An unmanned aerial vehicle UAV (also known as Unmanned Aircraft System (UAS)) is a particular type of 
aircraft which flies without a human crew on board. The UAV aircraft is used for many different tasks and 
applications.  
The first recorded use of an unmanned aerial vehicle occurred on 1849, when Austrians attacked Venice with 
unmanned balloons loaded with explosive. After the invention of winged aircraft, the effort to build the first 
unmanned aerial vehicle, as we define today, was finally made. However, the first real UAV flew successfully 
only in the late 20th century. [9] 
 
A useful way to classify UAVs is related to their range performances. The European UAV association [6], 
established 5 different classes:  
 
 Class 1 (Close range): range less than 25 Km 
 Class 2 (Short range): range from 25 to 100 Km 
 Class 3 (Medium range): range from 100 to 200 Km 
 Class 4 (Long range): range from 200 o 500 Km 
 Class 5 (Endurance): range above to 500 Km or capable to fly for more than 20 hours. 
 
Civil authorities are interested in UAVs development for missions related to several events. In this part will be 
presented most of these events responsible for many UAVs civil applications: 
 
 Flood damaged areas: UAVs can fly above the area and collect data about the more critical zones or 
find people that need rescue. 
 Volcanic eruptions: UAVs can overfly the area and collect data to know the situation over some 
dangerous zones which need to be evacuated. 
 Earthquakes: UAVs can overfly dangerous areas, where buildings are no more safe, to collect and send 
data to the civil authorities. 
 Bushfires: UAVs can overfly dangerous areas (because of the smokes and the high temperatures) and 
collect data about the burning zone, the propagation speed of the fire, the smokes and dust produced. 
 Traffic monitoring: UAVs can fly over highways to perform traffic inspections, or monitor level of 
pollution in the sky over an industrial area. 
 Railways and electrical powerlines monitoring: UAVs can overfly the railways and electrical 
powerlines to detect network damages. 
 Plant biosecurity and agricultural monitoring: UAVs can fly over farms to detect seeds, insects, 
pollen, and plants allowing minimizing the propagation of unwanted species in the crops.  
2.2.1 Remote sensing.  
Remote sensing is one of the most important application for unmanned aerial vehicles. Some of the proposed 
applications by DLR Germany [5] are Earth observation as atmosphere, land surfaces or even oceans; safety 
monitoring which include pipelines network and supply systems, traffic monitoring, and large scale structures. 
The last application is on high temperature events, as forest and chemical fires monitoring, or volcanoes.  
2.2.2 Transport. 
UAVs have also been considered for medical transport applications. As an example, reference [10] indicates that 
for health and medical purposes, some helicopter unmanned aerial vehicles HEL-UAVs are currently used for 
blood transport or medicine transportation in remote villages where communication is not always possible.  
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2.2.3 Scientific research. 
Unmanned aircraft are capable of penetrating areas which may be too dangerous for piloted aircraft. The National 
Oceanic and Atmospheric Administration (NOAA) began utilizing the Aerosonde unmanned aircraft system in 
2006 as a hurricane hunter. AAI Corporation subsidiary Aerosonde of Victoria (Australia), designs and 
manufactures the 35-pound system, which can fly into a hurricane and communicate near-real-time data directly 
to the National Hurricane Center in Florida. [9] 
Beyond the standard barometric pressure and temperature, the Aerosonde system provides measurements far 
closer to the water’s surface than previously captured. Further applications for unmanned aircraft can be explored 
once solutions have been developed for their accommodation within national airspace. UAVSI, a UK 
manufacturer produces a light UAS (about 20 kg) designed specifically for scientific research in severe climates 
such as the Antarctic. [9] 
The Zephyr project has been capable of sustaining a 48 hours long flight, using a particular type of Lithium 
Sulphur battery developed by Sion Power Company [13]. 
2.2.4 Search and rescue. 
UAVs will likely play an increased role in search and rescue missions. This particular type of task is very 
important, because the UAV could fly above critical areas and find people, waiting to be rescued, or even carry a 
payload as a bottle of water in desert areas, and drop it after being found. 
An example of an existing UAV currently employed in search and rescue missions is the Predator UAV. The main 
payload is an optical sensor and a SAR (synthetic aperture radar). The Predator's SAR is a very sophisticated 
sensor capable of providing high digital images through clouds, rain or fog, and in daytime or night-time 
conditions. A concept of coherent change detection in SAR images allows for exceptional search and rescue 
ability: photos taken before and after the storm are compared and a computer highlights areas of damage. [9]. 
2.3 SOLAR POWERED UAVs. 
 
2.3.1 Introduction. 
 
The second topic of the literature review is on one specific type of UAVs and the technologies associated with 
these type of vehicles. 
 
In civil aviation and especially in the field of unmanned aerial vehicles, one of the most important issues is the 
ability to fly for a long period of time. Most of the problems are related to energy consumption, performance and 
also pollution. One possible answer answer would be the use of Solar-Powered technologies, which could allow 
the vehicle to fly for an extended period of time, without consuming resources or emitting pollutants. 
 
The first example of a Solar-Powered UAV occurred on the 4th of November 1974, on the dry lake at Camp Irwin, 
California. Sunrise I flew for about 20 minutes at an altitude of around 100 m [17].  
 
Another Solar UAV prototype was the Helios UAV. The UAV was intended to be the ultimate "eternal airplane", 
incorporating energy storage for night-time flight. The two primary goals for NASA were to demonstrate sustained 
flight at an altitude near 30500 m and flying non-stop for at least 24 hours, including at least 14 hours above 15000 
m [17]. 
 
2.3.2 Basic concepts. 
 
The solar panels used on UAVs are composed by solar cells connected in a defined configuration to cover a given 
surface of the wing or potentially other parts of the airplane such as the tail or the fuselage. During the day, 
depending on the sun irradiance and elevation in the sky, they convert light into electrical energy; a converter 
ensures that the solar panels are working at their maximum power point (MPPT).  
 
The power obtained is used firstly to supply the propulsion group and the onboard electronics, and secondly to 
charge the battery with the surplus of energy. During the night, with less power from the solar panels, the power 
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required by various elements is supplied by the battery that has to last until the next morning where a new cycle 
starts.  
 
Solar cells: 
 
A simple silicon solar cell is represented with two doped semiconductors layers, p-type and n-type. When the 
sunlight strikes the solar cell surface the cell creates charge carriers as electrons and holes. The internal field 
produced by the junction separates some of the positive charges (holes) from the negative charges (electrons). The 
holes are swept into the positive or p-layer and the electrons are swept into the negative or n-layer.  
 
When a circuit is made, the free electrons have to pass through the load to recombine with the positive holes; 
current can be produced from the cells under illumination.  
 
We can distinguish three types of silicon solar cells according to the type of crystal:  
 
1. Monocrystalline: high level of efficiency but at a high cost.  
2. Polycrystalline: the manufacturing process is more cost efficient but leads to less efficient solar cells.  
3. Amorphous: thin-layer cell, where a silicon film is deposited on glass or another substrate material, even 
flexible. The production costs are very low, but the efficiency is poor as well.  
 
Several materials can be used to produce compound solar cells. These include gallium arsenide, copper indium 
diselenide, cadmium telluride, etc. These cells are more expensive to produce, but lead to higher efficiency.  
 
The maximum power produced by a solar cell  is usually evaluated using equation (2.1): 
 
𝑃𝑀𝐴𝑋 =  𝑉𝑀𝑃𝑃𝐼𝑀𝑃𝑃  (Eq. 2.1) 
 
Where 𝑉𝑀𝑃𝑃is the voltage at the maximum power point, and 𝐼𝑀𝑃𝑃 is the current always at the same power point. 
 
The Current-Voltage-Power diagram shows how the Power is constantly increasing until a certain maximum 
value, while the Current is steady and drops to zero after reaching a maximum value of Voltage and Current. 
 
Maximum Power Point Tracker: 
  
An important device that should be used when dealing with solar cells is the MPPT (maximum power point 
tracker); this is basically a DC/DC converter with variable and adjustable gain between the input and the output 
voltage, the input being the solar panels and the output the battery. It contains electronics that monitor both the 
current and the voltage on each side, which allows a determination for how the gain has to be changed to ensure 
the best use of the solar panels.  
There are different algorithms to track this maximum power point. One very well known is called the "Hill 
Climbing" method, described in [17]. The current and voltage are measured to compute the actual power. If it is 
higher than the previous power, the direction of movement is kept as one is getting more energy, if not, direction 
is changed. A consequence is that the working point is never at the MPP, but oscillating around it, giving thus an 
average power slightly below the maximum power. 
 
Energy Storage: 
 
There are a number of ways to store energy: Chemical (hydrogen, biofuels), Electrochemical (batteries, fuel cells), 
Electrical (capacitor, supercapacitor, superconducting magnetic energy storage or SMES), Mechanical 
(compressed air, flywheel) and Thermal. 
 
Electrochemical batteries are energy storage devices, which are able to convert chemically stored energy into 
electrical energy during discharging. They are composed of a cathode and an anode, made of two dissimilar metals 
that are in contact with an electrolyte. When all elements are in contact with each other, a flow of electron is 
produced. If the process is reversible so that they can be recharged, they are referred to as secondary batteries, in 
the other case they are primary batteries.  
 
A possible alternative to solar cells or even used in the same system replacing the battery, is represented by fuel 
cells. The fuel cell system is quite different from a solar cell; the chemical energy of reactants, often a gaseous 
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fuel and the oxygen in the atmosphere, is converted directly into electrical energy and heat. The fuel cell consists 
of two electrodes, known as the anode and cathode that are separated by an electrolyte. 
 
Oxygen is passed over the cathode and hydrogen over the anode. Hydrogen ions are formed together with electrons 
at the anode. The hydrogen ions migrate to the cathode through the electrolyte and the electrons produced at the 
anode flow through an external circuit to the cathode. At the anode they combine with oxygen to form water; the 
flow of electrons through the external circuit provides the current of the cell. The great advantage is that the 
combustion of hydrogen with oxygen produces only water. 
  
Motor Electronics and Propulsion: 
 
We can basically distinguish among three different motor categories. First, the cheap and low quality motors, 
mostly brushed DC motors that are used in low-cost products. They are not suitable for a solar powered airplane 
for efficiency, durability and reliability reasons. The second category includes high quality motors, both brushed 
and brushless, that are very reliable, robust, efficient and well documented. The third category contains motors 
specifically designed for model makers building reduced scale airplanes, helicopters or cars. For a well designed 
gearbox a value of 0.2 kg/kW should be reachable. Concerning the efficiency, it drops inevitably at high reduction 
ratio; in fact, keeping the dimensions of gears constant requires more reduction stages and thus implies more 
friction. On the other side, keeping the same number of stages implies smaller wheels with fewer teeth, which 
also penalizes efficiency. For more information see [17]. 
 
The motor control electronics is also a part of the propulsion group; brushless motors are driven by three sinusoidal 
signals that have to be synchronized with the position of the rotor, so this position has to be constantly measured 
by the electronics. Furthermore two adaptations have to be done before using these values in our solar airplane 
design: First, the motor is quite inefficient at maximum power, because of the high Joule heat losses. A rule of 
thumb is that the maximum efficiency occurs at roughly one seventh of the stall torque and one third to one half 
of the maximum power.  
 
Another consideration is on launch conditions. In the case of a hand-launched model airplane that needs to increase 
its speed and gain altitude rapidly, the motor has to provide a power at start that is far higher than the level flight 
power. This over-sizing is necessary for take-off but helps also flying with headwind and in turbulent conditions. 
This is also important for hand-launched UAV, such as the Green Falcon Solar-Powered UAV that does not have 
a landing gear. [18] 
 
In the Green Falcon having no landing gear a folding propeller is required, so when it lands the propeller does not 
get damaged.  
 
2.3.3 Power needed for Solar UAVs. 
 
Whether it is intended to achieve surveillance at low altitude or serve as a high altitude communication platform, 
a solar aircraft capable of continuous flight needs to fly at constant altitude. There are some fixed masses that will 
not depend on the sizing of other parts: the payload that is a mission requirement and also the autopilot system. 
The mass of the airplane structure is certainly the most difficult part to model.  
 
The approach from D.W. Hall, as well as explained in [17], consists in calculating separately the mass of all the 
elements constituting the airframe, i.e. the spar, the leading and trailing edges, covering, ribs, control surfaces, 
fuselage and tail as functions of the total mass, aspect ratio and wing area. The approach proposed by W. Stender 
instead [17], is based on statistical data for sailplanes with twin boom tails.  
 
To obtain the total electrical power consumption (𝑃𝑒𝑙𝑒𝑐 𝑇𝑜𝑡), efficiencies of the motor 𝑚𝑜𝑡 , its electronic controller 

𝑐𝑡𝑟𝑙
, the gearbox 
𝑔𝑟𝑏
 and the propeller 
𝑝𝑙𝑟
 have to be taken into account, as well as the power consumption of 
the avionic system 𝑃𝑎𝑣  and the payload instruments 𝑃𝑝𝑙𝑑 .  
Another important efficiency which needs to be taken into account is the one from the BEC
𝑏𝑒𝑐
. The BEC (Battery 
Eliminator Circuit) allows eliminating the receiver battery, using the motor battery to provide power to the radio 
system. Typically, the BEC is part of electronic speed control (ESC) which is used as the motor's throttle; shows 
a schematic of an Electronic Speed Controller circuit. The BEC supplies power to the receiver through the same 
path from which it gets the throttle signal. 
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The BEC also controls how much power reaches the receiver and servos. Different from the throttle, whose 
purpose is to vary the effective voltage reaching the motor, the BEC must maintain a fixed voltage to supply the 
radio system and it has to work under variable motor battery voltage and servo loads. Furthermore, the power 
supplied to the receiver must be "clean"; there can be no electrical noise or voltage fluctuations.  
Equation (2.2) shows the total electrical power consumption: 
 
𝑃𝑒𝑙𝑒𝑐 𝑇𝑜𝑡 =
1
𝑐𝑡𝑟𝑙𝑚𝑜𝑡𝑔𝑟𝑏𝑝𝑙𝑟
𝑃𝑙𝑒𝑣 +
1
𝑏𝑒𝑐
(𝑃𝑎𝑣 + 𝑃𝑝𝑙𝑑)  (Eq. 2.2) 
 
The calculation of this daily energy consumption uses the total power consumption and takes into account the 
charge and discharge efficiency of the battery for the night period as in equation 2.3: 
 
𝐸𝑒𝑙𝑒𝑐 𝑇𝑜𝑡 = 𝑃𝑒𝑙𝑒𝑐 𝑇𝑜𝑡 (𝑇𝑑𝑎𝑦
𝑇𝑛𝑖𝑔ℎ𝑡
𝑐ℎ𝑟𝑔𝑑𝑐ℎ𝑟𝑔
)    (Eq. 2.3) 
 
The irradiance depends on a number of variables such as geographic location, time, plane orientation, weather 
conditions and albedo that represents the reflection on the ground surface. Using a simple trigonometric model 
with only two parameters, the maximum irradiance 𝐼𝑀𝐴𝑋 and the duration of the day𝑇𝑑𝑎𝑦, that can be easily 
interpreted. In order to take into account cloudy days, a constant 
𝜔𝑡ℎ𝑟
 is added with a value between 1 (clear 
sky) and 0 (dark). This is calculated in equation 2.4 as follow: 
 
𝐸𝑑𝑎𝑦 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =
𝐼𝑀𝐴𝑋𝑇𝑑𝑎𝑦
𝜋
2

𝜔𝑡ℎ𝑟
     (Eq. 2.4) 
 
The total electric energy is obtained by multiplying the result of this equation with the surface of solar cells, their 
efficiency and the efficiency of the MPPT. Additionally, we have to take into account the fact that the cells are 
not disposed on a horizontal surface but follow the cambered airfoil. In a series of interconnected cells, the one 
with the lowest irradiance limits the current for all the others. This problem occurs mainly at sunrise or sunset, 
when the sun elevation is low, and depends also on the airplane orientation. For this reason it is important to take 
care about the wiring configuration and preferably dispose the cells connected in series along the wing, so that 
they have the same orientation. Thus, the daily electrical energy can be evaluated by equation 2.5: 
 
𝐸𝑒𝑙𝑒𝑐 𝑇𝑜𝑡 =
𝐼𝑀𝐴𝑋𝑇𝑑𝑎𝑦
𝜋
2
𝐴𝑠𝑐𝜔𝑡ℎ𝑟𝑠𝑐𝑐𝑏𝑟𝑚𝑝𝑝𝑡   (Eq. 2.5) 
 
 
The maximum power required at the MPPT level is directly given by the maximum power output of the solar 
modules, which is proportional to their area. In order to be complete, it has to be mentioned that the efficiency at 
MPPT is the product between the efficiency of the DC/DC converter alone and the efficiency of the tracking 
algorithm. Concerning the battery, its mass is directly proportional to the energy it needs to store, which is the 
product between power consumption and night duration, and inversely proportional to its gravimetric energy 
density.  
 
2.3.4 Example of an existing Solar-Powered UAV: Sky-sailor design. 
 
An example of a Solar-Powered UAV is the Sky-Sailor project. The goal of the Sky-Sailor project was to design 
and build an airplane that proves the feasibility of continuous flight, over 24 hours.  
 
According to Noth results [17] the minimum wingspan the airplane should have for continuous flight is 2.5 m. 
There is also an upper limit, showing that with a wingspan greater than around 4.5 m continuous flight is no longer 
feasible. The airframe becomes too heavy above a certain wingspan so that it is no more possible to fly 
continuously with the available power. That means that going higher in dimension would require a lighter airframe 
model.  
 
In Noth methodology [17], the irradiance is averaged over the whole day, so what results from the equations is a 
solution that makes solar flight feasible during this day. It is then possible to monitor all state variables and analyze 
the energy flows on the airplane from dusk till dawn and from dawn till dusk. This allows validating the design a 
second time before building the real prototype, but it has other purposes. For example such solar flight simulation 
can predict the charge status of the battery; this information is very useful then during the real experiments to 
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control in the middle of the night if the voltage profile is close to the prediction. A second purpose is to see the 
influence which the alteration of some parameters has on the continuous solar flight.  
 
Another important observation which should be mentioned is that an ideal battery model was considered in Noth 
project. In reality, the power charging the battery has to be limited during the second charge phase with constant 
voltage and decreasing current. Furthermore, even with the best energy storage technology available, the battery 
is still very heavy, constituting around 40% of the airplane’s weight. 
 
The wing structure of the Sky-Sailor is essentially made of composite materials, i.e. carbon, aramide, Kevlar and 
balsa wood; the lower side is covered by a polyester film (Oracover R116712) while the upper side is directly 
closed by the solar panels that are glued on the spar and the ribs, and follow exactly the airfoil shape thanks to 
their flexibility.  
 
The main spar and the ribs are made of a sandwich structure of balsa wood between two thin layers of carbon, 
which ensures low weight and high resistance. The fuselage itself is made of aramide and glass fiber that are 
molded to form a honeycomb structure. There is no landing gear as the airplane is thrown by hand and lands on 
its belly.  
 
Also a spring system retracts the two blades when they are not turning, which is necessary for landing. Once 
powered again, they open thanks to centrifugal forces.  
 
The objective with Sky-Sailor prototype, according to Noth thesis, was not only to have an airplane autonomous 
in terms of energy, but also in terms of navigation and control, requiring an autopilot system. Along the different 
phases of the project, two fully functional prototypes were built and tested.  
 
It is important to underline that the first one didn’t use any solar cells but was covered instead by a sheet with 
exactly the same weight. This model was used during the first experiments where the goal was to validate the 
aerodynamics, the flight behaviour, the autopilot systems, the different sensors and to tune the controller for the 
autonomous flight.  
 
More than 50 flight experiments were realized with the two Sky-Sailor prototypes with a total of more than 100 
hours in the air. From the 20th to the 21st of June 2008, a continuous solar flight of more than 24 hours was 
attempted [17].  
 
Noth also provided some information about scaling considerations. The airplane structure weight is proportional 
to the cube of a reference length (equation 2.6): 
 
𝑊 ∝  𝑏3                                     (eq. 2.6) 
 
This law is a great advantage at small size. Additionally, the structure stiffness and the stress related to the mass 
scale linearly with the reference length. This is a great advantage for smaller systems which are more robust 
against destruction forces related to their own mass.  
 
The only solution in Noth project for the propulsion group remains to design and build dedicated motors, 
gearboxes and propellers. Other elegant solutions mentioned in his project are the use of magnet-in-coil actuators 
or shape memory alloys. Solar cells do not scale with the cube of the reference length but with the square. A 
possible alternative is to place them flat inside the wing, closing the profile with a transparent sheet [17]. This 
could be also a very good solution for the Green Falcon UAV project, where usually solar cells are on the wing 
surface, and they have to adapt to airfoil curvature. 
 
One consideration is that the MPPT efficiency also decreases at low dimensions where the operating voltage is 
reduced. On the side of energy storage, high gravimetric energy density lithium-ion or lithium-ion-polymer cells 
are not easily scalable. The only choice is then to select tiny batteries where the mass percentage of the housing 
is higher, which reduces the gravimetric energy density. The gravimetric energy density represents the ratio 
between the amounts of Watts produced in one hour over the weight in Kg. In the general case of acid-lead 
batteries the gravimetric energy density is 25 Wh/Kg. 
One way to reduce considerably the airplane weight is to store energy not only in the battery but also in potential 
energy by gaining altitude; this way to store energy can be compared to a battery without any weight, which is 
interesting, recalling that this part constitutes always around 40% of the airplane’s gross mass.  
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Other possible solutions are proposed in [17]. The first way to save energy is the use of ascending thermal winds. 
The topology of a terrain and the disparity of the elements constituting this terrain is the source of such winds. 
Thus, the air heated at this place will go up and create thermal currents, which can be used by an airplane to gain 
altitude. Otherwise another solution is using the propeller and the motor as a generator. During a descent, the 
propulsion group would produce energy and charge the battery. However, this energy conversion is definitely not 
efficient; this solution is only interesting if there is a limit altitude at which the airplane flies already, with the 
battery not fully charged yet, and if there are still solar energy and updrafts. It should be noticed that the most 
critical components are MPPT device, Motor controller and Gear box up to 95% of the energy from the solar cells. 
[17]. 
 
In conclusion it could be underlined that Sky-Sailor project results could be useful in manner of scaling 
considerations, design and system architecture but also flight testing demonstration to the development of the 
Green Falcon Solar-Powered UAV. 
2.4 BACKGROUND RESEARCH: UAVs FOR DATA COLLECTION. 
 
2.4.1 Overview. 
An Unmanned Aircraft Systems for data collection basically flies above a specific area of interest, and collects 
data from different types of sensors; after performing the mission which is planned with a software interface using 
waypoints, the UAV will return to the base location where transmit the data to the Ground Station, land or go for 
another mission. The data will be available to users, which can start the analyzing process. A representation of the 
concept is described in figure (2.1): 
 
Figure 2.1: Basic concept UAV for data Collection 
In this figure the UAV is controlled through the Ground Station and follows a series of waypoints pink once it 
reaches a waypoint (green). 
2.4.2 BACKGROUND RESEARCH: Autopilot system. 
UAVs use different types of ground stations, autopilot and navigation systems. In the following sections the 
difference between two systems used to allow UAVs autonomous flight will be discussed. 
 
2.4.2.1 Paparazzi autopilot. 
 
Paparazzi is a complete system of hardware and software for UAVs as well as complete ground station mission 
planning and monitoring software, utilizing data link for telemetry and control. UAV can navigate autonomously, 
monitored and controlled. The ground control station provides a graphical user interface with telemetry data 
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received by a link agent, which manages the ground-based radio modem. The link agent distributes telemetry data 
across the network (a single computer, a local network, or the web). The data can be used, locally or remotely, by 
the “messages” (a real-time display of all telemetry data) or by the “server” (an agent that logs, distributes, and 
processes these messages for the ground control station). 
 
The system architecture shows the Aircraft system who sends and receive data through a wireless link. The link 
connects an hardware wireless device to the network; there is a ground network that connects the Ground Station. 
The telemetry is then sent to the Server and to a Debugger.  
 
With Paparazzi autopilot it is also possible to run simulations. In this case the aircraft and the radio link are 
replaced by the simulator.  
 
The Paparazzi autopilot airborne system is highly configurable and can be adapted to different airframe. It is 
currently in use on airframes ranging from 30 cm to 1.4 m, and 180 g to several kg.  
 
Today the system is employed in a wide variety of high performance aircraft, many with little or no natural 
stability. Paparazzi autopilot can interface with many sensors, but the vast majority of applications rely on a set 
of 6 orthogonal infrared temperature sensors to estimate the orientation of the aircraft relative to the warm earth 
and the cold sky. The IR system provides also an altitude estimate that is immune to vibration and disorienting 
wind gusts or stalls that may confuse inertia-based autopilot.  
 
Please refer to [21] for more detail information. 
2.4.2.2 MicroPilot autopilot. 
 
MicroPilot is a single board UAV autopilot whose capabilities include airspeed and attitude hold, turn co-
ordination, GPS navigation and autonomous launch and recovery. Three-axis gyros/accelerometers, GPS, pressure 
altimeter and pressure airspeed sensors are integrated on a single board.  
 
The ground control station’s software (HORIZON) provides the ability to plan missions, to skip or repeat groups 
of waypoints with the function based on sensors or other external inputs; it is also possible to control the autopilot 
using the Windows HyperTerminal. Unlike other autopilots, with MicroPilot autopilot it is possible to handle loss 
of GPS or control signal, engine failures, datalink loss and low battery voltage.  
 
These features make MicroPilot autopilot more reliable, advanced and suitable for high performance UAV 
compared to the other autopilots. The Micropilot autopilot and its functionality will be explained in more level of 
detail in section (3). 
 
2.5 MISSION PATH PLANNING. 
This section provides an overview of UAVs and mission path planning. 
2.5.1 Mission Path planning. 
UAV mission path planning is an important task of UAV operations, such as air sampling, security surveillance, 
coastal and border surveillance, fire detection and monitoring, forestry, search and rescue and solar UAV.   
The path planning problem involves many different tasks, based on what kind of operations the UAV will have 
to accomplish; a path planning algorithm specifically computes a trajectory from the UAV’s present location to a 
desired future location, e.g. a target [22] . In order to solve the path planning problem, it is extremely important 
to find a path from the UAVs current position, to a final position which minimizes the cost in term of weight, that 
penalizes the total path length, but also the mission time. 
The path planning is the part of the autopilot that handles the navigation and consequently the mission, because 
path planning algorithms determine the UAVs mission trajectories. 
2.5.2 UAV path planning. 
One of the main issues in UAVs development is the path planning problem.  
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A path planning algorithm computes a particular trajectory from the UAV’s starting location to a specific point 
into space. In order to create a good algorithm the design should be addressed to a multiple-objective optimization 
problem, as dividing the problem in multiple aspects which should be all satisfied.  
The literature review on the topic of UAV design and path planning is extensive [22-29]. UAV path planning 
requires a few steps in order to obtain a suitable trajectory based on the mission the UAV is asked to accomplish. 
It is outside the scope of this research to explore algorithms for path planning. In this work we concentrate on 
using an algorithm developed by McIntosh [16] in which given a set of waypoints (location of the sensors) the 
algorithm is capable of finding the path with the minimum distance.  
The flight files were created in MATLAB and then manually moved to the relevant folder for use in Micropilot 
Horizonmp. Flight files in Horizonmp are simple text files (.fly file) that utilise the following commands: takeoff, 
climb, flyto(lon,lat), circuit. The commands takeoff, climb  and circuit are not relevant to the waypoints positions 
and thus could be written to each flight file independently. The flyto(lon,lat) command uses the relative longitude 
and latitude position of each waypoint from the home waypoint to instruct the UAV. Thus the waypoints created 
from the MATLAB code [16] were converted to relative distances and written to a .fly file, which was then 
simulated in Micropilot Horizon.  
The method used for flight optimization is based on the objective of minimal distance covered. Thus the proposed 
route was the route that covered the least distance. It was assumed that the UAV flies at a constant altitude and 
speed during the flight, and that the turning circle was determined through the Autopilot software.  
The method used for flight optimization does not utilize genetic algorithms; however it is heavily influenced by 
this method. The software currently analyses every possible waypoint combination available using permutations 
i.e. 5 waypoints has 5x4x3x2x1 (5!) = 120 possible combinations. The waypoint combination with the least 
distance travelled is picked as the optimized route for the flight.  
Please refer to [16] about the code used to create the example of an optimal path.  
3:  SYSTEM ARCHITECTURE and DESIGN. 
3.1 OVERVIEW. 
This section describes the system architecture and design aspects of the project, system architecture diagrams, and 
a brief discussion about each component that will be integrated into the Green Falcon UAS. The optimal 
configuration using  Solid Works will be used to visualize the entire system and subsystems, in order to decide 
the best configuration which needs to be used in the integration phase.  
3.2 SYSTEM ARCHITECTURE. 
The system architecture includes an existing airframe; the Green Falcon airframe, an autopilot, on board systems, 
solar cells, servos and Ground Station. Figure (3.1) shows an overview of the system architecture. 
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Figure 3.1: General System Architecture 
The components which need to be installed are: 
0. Aircraft    (Section 3.2.1) 
1. Solar Cells and MPPT  (Section 3.2.2) 
2. Servos    (Section 3.2.3) 
3. Primary-Secondary batteries  (Section 3.2.4) 
4. Blades and Engine   (Section 3.2.5) 
5. Receiver    (Section 3.2.6) 
6. Speed controller   (Section 3.2.7) 
7. MP autopilot-Radio Modem  (Section 3.2.8) 
8. Ground Station   (Section 3.2.9) 
9. Data Collection System  (Section 3.2.10) 
The integration of the CCD Camera will be explained in section 5 within the integration process. Figure (3.1) 
shows the system architecture for every component installed in the Green Falcon UAV developed. 
A brief description of each component that has to be integrated, with reference to detail datasheets and 
specifications is provided. 
3.2.1 Airframe and Solid Works model. 
The airframe to be used is the Green Falcon Airframe. In order to decide the better configuration to adopt for the 
system, the first phase was to measure the existing aircraft and develop a CAD model using the software Solid 
works, which will help us to decide the best configuration for all the components and parts that need to be set up 
inside the airframe. 
It will be seen in the following subsections that the main problem is the center of gravity; so primary battery and 
engine represent the majority of the weight will be put close to the nose and the others could be arranged behind. 
Aircraft 
: 
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The radio modem and autopilot need to be protected with the solution that will be presented in 3.2.8; after installed 
in the airframe there will need to be used a foam material which will protect furthermore these sensitive 
components.  
Figures (3.2), (3.3), (3.4) show a 3D, front and top views of the Green Falcon UAV in the Solid works model. 
 
 
Figure 3.2: Green Falcon UAV 3D view 
 
Figure 3.3: Green Falcon UAV front view 
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Figure 3.4: Green Falcon UAV top view 
3.2.2 Solar cells and MPPT. 
Solar Cells. 
The solar cells used in the Green Falcon were purchased from the Sunergy Company; the Chinese company sells 
many different types, but essentially the one chosen was the CSUN-S125. The following datasheet figure (3.5) 
shows the design and some specifications: 
 
Figure 3.5: Solar cells design specification  
Figure (3.6) shows the main specifications for efficiencies, power, voltage and current. 
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Figure 3.6: Solar cells main specification  
Even though the Solar Cells produced good results for a 2 hours flight, they are fragile and difficult to install 
and no longer available in the market. Please refer to [18] for further information. 
Alternative solar cells solution. 
A trade-off methodology was followed to find the most suitable solar cells to replace them. The trade-off starts 
by evaluating the Weighting Factor (WF %) which is used after to give a specific weight to each parameter within 
the Trade-off. The parameters considered within the Trade-off are weighting criteria, dimensions, efficiencies, 
flexibility, and ease of connectivity, cost and availability.  
To evaluate WF equations (3.1), (3.2) are used: 
 
𝑊𝐹𝑖 =  
(𝑁𝑖+𝑁)
[∑ (𝑁𝑖+𝑁)𝑖 ]
100          eq. (3.1) 
𝑁 =  ∑ |𝑁𝑖|𝑖                              eq. (3.2) 
Table (3.1) shows the results for WF; as it can be seen efficiencies, flexibility and availability are more relevant. 
Figure (3.7) shows a histogram of the results tabulated. 
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Table 3.1: Trade off Weighting Factor 
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Weighting Criteria   1 0 0 0 0 0  1 5 
Dimensions 0   0 0 1 1 0  2 10 
Efficiencies 1 1   1 1 1 0  5 23 
Flexibility 1 1 0   1 1 1  5 23 
Ease of connectivity  1 0 0 0   0 0  1 5 
Cost  1 0 0 0 1   0  2 10 
Availability 1 1 1 0 1 1    5 23 
 
 
Figure 3.7: Histogram on WF vs parameters 
Four different types of Solar cells were considered, and the final ranking will be evaluated. The Ranking R was 
given based on background research on each model of solar cell from 1 to 3 (1: low, 2: medium and 3: high).  
Table (3.2) shows the results.  
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Table 3.2: Trade off Final Ranking 
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Sunergy 
CSUN125 
5*2 = 
10 
10*2 = 
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5*1 = 
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As can be seen SolarBotics Solar cells are the most suitable for this project because of the Trade off results. 
MPPT. 
The original MPPT used in the Green Falcon UAV was the Easymax III. The solar maximizer can be used to 
charge batteries, drives motors, or anything where a typical solar panel is used. It is rated at up to 15 watts. It will 
handle input currents up to 3 amps, or voltages up to 25 volts. 
3.2.3 Servos. 
The original servos used in the Green Falcon were the JR servos NES-331; these servos has special extended 
length, the 341's nylon gears have the strength of metal with the precision and low wear only nylon can provide. 
High output and reliability make this a very popular servo for any application in UAV field, where size and low 
weight are the most important characteristics (figure (3.8)): 
The main specifications, as shown in figure (3.8), are:  
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Figure 3.8: NES-331 Servos main specification  
3.2.4 Primary and Secondary batteries. 
The Green Falcon Solar-Powered UAV needs an efficient primary battery the ZIPPY Flightmax 2650mAh was 
chosen. This battery was selected for this project due to the main specifications described in table (3.3): 
Table 3.3: ZIPPY Flightmax 2650mAh 5S1P 40C specifications 
Specification Value 
  
Capacity [mAh] 2650 
Constant discharge [C] 40 
Burst rate [C-sec] 50 
Configuration 5 
Voltage [V] 18.5 
Pack size [mm] 140x45x29 
Weight [g] 398 
 
As for the primary battery this was chosen due to the main specifications described in table (3.4).
Table 3.4: Rhino 750mAh specifications 
Specification Value 
  
Capacity [mAh] 750 
Constant discharge [C] 20 
Burst rate [C-sec] 30-15 
Configuration 3 
Voltage [V] 11.1 
Pack size [mm] 68x12x35 
Weight [g] 66 
Max charge rate [C] 2 
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3.2.5 Blades and Engine.
Blades. 
The Green Falcon Solar-Powered UAV needs an efficient folding propeller because it does not have a landing 
gear.  
A large diameter is required; the most suitable choice is the Graupner CFK folding propeller, with dimensions 
of 17-10’’ and suit for 6 mm shaft is used. 
The blades are made of plastic material and carbon fibre. There are widely used in UAV field, because of the 
light weight and stiffness. 
The main specifications of the propeller are shown in table (3.5). 
Table 3.5: Graupner CFK folding propeller specifications 
Parts Measure 
  
Backplate diameter [mm] 42 
Shaft diameter [mm] 6 
Propeller Hub dimension [mm] 47x13x9 
Propeller Blades dimension [mm] 43-25 
 
Engine. 
The Engine used in the Green Falcon project is the Prettenberg Motor HP 220/20 with gearbox. It weighs 210 
g for a 6 poles version.  
Please refer to [19] for more detail information. 
The main specifications for the engine are shown in figure (3.9). 
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Figure 3.9: Prettenberg HP220/20 motor main specification  
3.2.6 Receiver. 
The first option is the HITECH-05 MJ, which is a 5 channels receiver with 36MHz frequency chip. The 
HITECH does not have a fail safe mode if the communication link is lost between receiver and Radio 
Controller which is a fundamental feature in radio control. The Fail safe mode should activate when the link 
is lost, and basically consist in giving a command to set the value of surfaces deflection into a neutral position 
in order to avoid uncontrollable behaviours. 
The main characteristics of the receiver are described in table (3.6): 
Table 3.6: HITECH-05MJ receiver specifications 
HITECH  HFS-05 MJ Value 
Channels [number] 5 
Frequency [MHz] 36 
 
The other option is to use the Futaba R606FS [20]. This type of receiver is a 2.4GHz which is much more 
reliable than the previous one, and allows a fail safe mode if communication is lost. 
This receiver was chosen as the best option for the Green Falcon UAV. 
The main characteristics of the R606FS receiver are described in table (3.7). 
Table 3.7: Futaba Receiver specifications 
FUTABA R606FS Value 
Channels [number] 6 
Frequency [GHz] 2.4 
 
Please refer to [20] for more detail information. 
3.2.7 Speed controller. 
An electronic speed control (ESC) is needed for the Green Falcon project. An ESC is a device mounted onboard 
an electrically-powered R/C model in order to vary its drive motor's speed and its direction. An ESC can be a 
discrete unit which connects into the receiver's throttle control channel or in some cases into the receiver itself. 
An ESC interprets control information in a way that varies the switching rate of a network of field-effect 
transistors; it also allows much smoother and more precise variation of motor speed in a far more efficient 
way.  
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The use of three-phase AC brushless motors, such as the Prettenberg HP 220/20, absolutely requires an 
Electronic Speed Controller, otherwise the motor will not work.  
The Castle Creations Phoenix-60 is an excellent speed control; it offers greater flexibility to the modeller by 
providing an unprecedented variety of programmable features.  
The Castle Creations Phoenix 60 Specifications are shown in table (3.8):  
Table 3.8: Castle Creations Phoenix 60 Speed controller specifications 
Specification Value 
  
Cells  40882 
Continuous [Amps] 60 
Surge [Amps] 80 
Resistance [Ohms] 0.0012 
Pack size [in] 1.05x2.35x0.45 
Weight [g] 58 
3.2.8 MP Autopilot and Radio Modem. 
The autopilot chosen for the Green Falcon is the Micropilot 2028g. The autopilot subsystem allows a fully 
autonomous flight. The capabilities of this autopilot include airspeed hold, altitude hold, turn coordination, 
GPS navigation as well as autonomous launch and recovery. The software used in the ground control station 
is HORIZONmp which allows creating and simulating missions, adjusting parameters and monitoring the 
flight. 
 
MP 2028g Autopilot main description. 
The main description of the MicroPilot autopilot 2028g is presented in the following subsections; the reader 
should see [3] for a more level of detail. 
 
2028g Autopilot Requirements and Capabilities. 
The MicroPilot autopilot provides the UAV system with the following capabilities: 
1. Stability Augmentation and Flight Control at various wind speeds and air speeds using a solid state 
IMU with six degrees-of-freedom and dynamic gain scheduling. 
2. Ability to create various flight plans and upload these even during flight. This includes a vast array 
of already defined flight plans. 
3. Provides control of auxiliary systems such as cameras, targeting payloads and other payloads. 
4. Extremely lightweight hardware.  
5. An UAV controlled by MicroPilot may be controlled in several modes; PIC, CIC or a combination of 
both where RC is used to control throttle. 
Autopilot Subsystem Level Architecture. 
The subsystem level architecture of the autopilot subsystem within Green Falcon is shown in figure (3.10): 
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Figure 3.10: Autopilot subsystem level architecture 
 There are multiple hardware components used in the above configuration. The MicroPilot components are 
modular in the sense that each component adds functionality to the system but cannot operate independently 
of the main autopilot board. The basic configuration required for autonomous flight (not including autonomous 
take off and landing) is made up of the MicroPilot board, at least one servo board, a RC receiver, Pitot tube, a 
GPS antenna and a radio modem as well as two separate power supplies.  
Servos configuration. 
The autopilot subsystem servos can be configured depending on the type of the aircraft on which it is mounted. 
There are eight servo configurations available for the MicroPilot autopilot: 
 No flaps:  for UAV platforms that has no flaps 
 Separate flaps: for UAV platform that has separate flaps and ailerons 
 Combined flaperons: when the UAV platform has one servo controlling each aileron surface 
independently and flaps are mixed into the ailerons to effectively give flaps. 
 Separate flaperons: when the UAV platform has flaps and ailerons controlled by four independent 
servos: one for the left aileron, one for left flap, one for right aileron and one for right flap. 
 Elevons: when the UAV platform has a delta wing, where the elevator and ailerons are combined into 
two surfaces. 
 Split flaperons: this configuration is similar to combined flaperons except that the ailerons only 
deflect upwards (this mode is good for powered parachutes). 
 Split rudder: when the aircraft has two rudders and each rudder moves only one direction. 
 V tail: when the aircraft has a V tail configuration. 
The selection and setting of the servo were conducted through the ground station. Using the software Horizon 
the separate flaps configuration was chosen for the Green Falcon UAV. 
 
Feedback loops. 
Each autopilot control is based on the concept of feedback loop.  
 
The MicroPilot autopilot 2028g uses the 12 feedback loops listed below to fly the UAV: 
 
1. Aileron from roll: controls the ailerons to minimize the difference between desired roll and actual 
roll. 
2. Elevator from pitch: controls the elevator to minimize the difference between desired pitch and 
actual pitch. 
3. Rudder from Y accelerator: controls the rudder to minimize the difference between the desired 
value for Y accelerometer and the actual value. This loop is useful to coordinates turns. 
4. Rudder from heading: controls the rudder to minimize the difference between the desired heading 
and actual heading. This loop is used during takeoff to keep the aircraft on the correct heading. 
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5. Throttle from speed: controls the throttle to minimize the difference between desired speed and 
actual speed. This loop is used during final approach and when the option to control speed via throttle 
and altitude via elevator is selected. 
6. Throttle from altitude: controls the throttle to minimize the difference between desired altitude and 
actual altitude. Obviously this loop is used only when the option to control altitude via throttle and 
speed via elevator is selected. 
7. Pitch from altitude: controls the desired pitch to minimize the difference between desired altitude 
and actual altitude. 
8. Pitch from AGL: controls the pitch to minimize the difference between the desired altitude and the 
actual altitude as measured by the AGL board. This loop is enabled during landing and controls the 
flare. 
9. Pitch from airspeed: controls the desired pitch to minimize the difference between desired airspeed 
and actual airspeed. This loop is enabled during climb and during level flight, when the option to 
control altitude via throttle is selected. 
10. Roll from heading: controls the desired angle of bank to minimize the difference between the desired 
heading and the actual heading. This loop always enabled during the navigation. 
11. Heading from crosstrack error: controls the desired heading to minimize the distance between the 
aircraft and the line defined by the previous waypoint and the next waypoint. 
12. Pitch from descent: controls desired pitch to minimize the difference between desired descent rate 
and actual descent rate. Not all the feedback loops are always enabled during the flight, but many 
loops can run at the same time. 
 
As can be seen Throttle is fixed; the Elevator is controlled from Pitch, in particular by Pitch from Airspeed. 
The Rudder is controlled by the Y accelerometer and the Ailerons by Aileron from Roll through the HDG or 
Heading Mode; in this case the autopilot keeps the nose of the airplane pointed to the magnetic heading bug. 
If there is a crosswind, the aircraft's ground track will drift with the crosswind. 
The control method used by the MicroPilot uses one of basic and most common methods to control a system, 
every loop has three different gains: P, I, D: 
 
 P term: “P” stands for proportional. It is the gain that acts directly on the error (the difference between 
the desired value and the actual value of the system being controlled). If we consider as example the 
“rudder from heading” feedback loop, we can write the mathematical expression for the P term 
contribution: 
 
𝑅𝑢𝑑𝑑𝑒𝑟 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 =  𝐾𝑃(𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑑𝑖𝑛𝑔) 
 
where 𝐾𝑃 is the proportional gain. A high proportional gain results in a large change in the output for a given 
change in the error. If 𝐾𝑃 is too high, the system can become unstable. In contrast, a small gain results in a 
small output response to a large error. If 𝐾𝑃 is too low, the control action of the autopilot may be too small. 
Using only a proportional gain the controlled system will be affected by a steady state error that is a function 
of the proportional gain and the process gain (the feed forward gain) 
 
· I term: “I” stands for integrative. It is the gain that acts on the integral of the error. If we consider the 
same previous example, we can write the mathematical expression for the I term contribution: 
 
𝑅𝑢𝑑𝑑𝑒𝑟 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 =  𝐾𝑖 ∫(𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑑𝑖𝑛𝑔)𝑑𝑡 
 
where 𝐾𝑖 is the integral gain. The integral gain accelerates the process towards setpoint, making the system 
response faster, and eliminates the residual steady error that occurs with a proportional only controller. If the 
integral gain is too large, the stability of the system can be compromised and the response can diverge. 
 
· D term: “D” stands for differential. It is the gain that acts on the derivative of the error (the rate of 
the change of the error). Considering the same previous example, we can write the mathematical 
expression for the D term contribution: 
 
𝑅𝑢𝑑𝑑𝑒𝑟 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 =  𝐾𝑖
𝑑
𝑑𝑡⁄ (𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑑𝑖𝑛𝑔) 
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where 𝐾𝑖 is the derivative gain. The derivative gain slows the rate of change of the controller output and makes 
smaller the magnitude of the overshoot produced by the integral component. If derivative gain increase, the 
stability of the system increase too. However derivative gain amplifies the noise and the disturbances. So, if it 
is too large, the system can become unstable because of the noise.  
 
The PID controller can be summarised in the block diagram shown in figure (3.11). 
 
 
 
Figure 3.11: PID controller diagram 
If we continue with the example of the “rudder from heading” feedback loop, the MicroPilot calculates the 
total rudder deflection to apply as follows: 
 
𝑅𝑢𝑑𝑑𝑒𝑟 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛
=  𝐾𝑃(𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑑𝑖𝑛𝑔)
+ 𝐾𝑖 ∫(𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑑𝑖𝑛𝑔)𝑑𝑡
+ 𝐾𝑖
𝑑
𝑑𝑡⁄ (𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ℎ𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑎𝑐𝑡𝑢𝑎𝑙 ℎ𝑒𝑎𝑑𝑖𝑛𝑔) 
 
This calculation is performed repeatedly by the autopilot for all the feedback loops enabled. 
 
Gain settings. 
The performances of the UAV and a feedback system are strongly influenced by the values assigned to the 
gains. If the gains are too small, the feedback loop will take a long time to reduce its input error. If the gains 
are too large, the response of the system might oscillate and become instable. It is possible to calculate the 
optimum gains for a particular system, but this requires an accurate mathematical model of the aircraft and is 
very complex.  
 
The simplest, and most practical method, is trial and error. This consists of flying the UAV, with the autopilot 
installed, and observing its behaviour for different values of the gains at a safe altitude. The default values of 
the gains usually are a good starting point for most of UAVs. 
 
Gain scheduling. 
In most of cases it is impossible to find satisfactory gains for the entire airspeed range. Therefore it is 
compulsory to divide the airspeed range into segments and adjust the gains for each segment. Most of gains 
need to be reduced as the speed increase, because the dynamic pressure is higher. So the control surfaces need 
to be deflected with a smaller angle to obtain the same effect. However other gains like, that of “roll from 
heading” and “heading from crosstrack”, need to be increased as the speed increase. There are two modes of 
gain scheduling. The difference between the two is in how the autopilot interpolates the gain values within a 
speed range: 
 
Pr
_ 
+ 
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1. Smooth gain scheduling 
 
In this mode the gains change gradually from one speed to the next [3]. 
 
This option is more complex but in terms of interpolations done by the autopilot but is the best way to schedule 
the gains. 
 
2. Stepped gain scheduling 
 
In this mode the gains change abruptly from one speed to the next [3]. 
 
In-flight failures. 
It is possible to define patterns that automatically run in the event that the autopilot detects an in-flight failure. 
The main failures related to the autonomous flight of a UAV are listed below, from highest priority to the 
lowest priority (so in the case of multiple failures the autopilot can determine the order in which the failure 
patterns run). 
 
 Control failure: it is not recoverable, and there is not much that can be done other than activate a 
parachute. 
 Fatal error: it is not recoverable, and means that the autopilot is not working. The only thing to do 
is to activate a parachute. 
 Loss of GPS signal: it is recoverable. The best thing to do is to fly the plane level to maximize the 
probability that the GPS will re-acquire lock. If the GPS signal does not re-acquire there are two 
options. One is to activate a parachute. Another option is to attempt to descend at ground level at a 
controlled speed. However it is never good to stop the engine because the UAV may re-acquire GPS 
lock as it is descending. 
 Loss of engine power: it is not recoverable. The best thing to do is to descend at ground level after 
and at the end turn into the wind to decrease the speed. 
 Low battery voltage: it is not recoverable. The pattern is the same as that for the previous failure. 
 RC link failure or HORIZON link failure: it is recoverable. The best thing to do is to allow some 
time to re-establish the link. If it is not possible fly back and land. 
 
Radio Modem. 
The Radio Modem chosen was the Microhard MHX920A-HV. This is a spread spectrum 900Mhz frequency 
Radio Modem which is the most reliable choice for the Green Falcon UAV. 
The MHX920A-HV radio modem main specifications are shown in []. 
Micropilot Autopilot and Radio Modem enclosures. 
Micropilot does not provide an enclosure for the Autopilot 2028g and also the Radio Modem; these two 
components are quite fragile and need to be protected by eventual crashes during flight testing. As discussed 
in 3.2.1 the volume inside the Green Falcon is limited; therefore there was a need to create a purpose built 
enclosure for this two components. This was achieved by developing two Solid Works models.  
Figure (3.12) shows a Solid Works model of the Radio Modem enclosure. 
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Figure 3.12: Solid works model of the RadioModem enclosure 
 
It can be seen that is a rectangular hole on one side, due to the GPS antenna, and another hole on the other side 
for the serial port. The thickness of the material is 3 mm except 5 mm at the bottom. 
Figure (3.13) shows a Solid Works model of the Autopilot enclosure.  
 
Figure 3.13: Solid works model of the Autopilot enclosure 
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The enclosure has mainly two openings, the first opening for the serial port and the airspeed and pitot tubes, 
while the second is for the other serial port. The thickness is always 3 mm, and 5 mm as the previous one. 
These Solid Works models were sent and manufactured by QUT Rapid Prototype (Note: Rapid Prototype is a 
department within the QUT engineering faculty which makes prototypes using any Solid Works models; the 
advantage of this type of manufacturing technique is that it can be created any possible shape through the Solid 
Works design environment). 
3.2.9 Ground Control Station: HORIZONmp. 
 
The Ground Control Station allows to control the UAV. The ground control station configuration consists of 
at least one PC running the MicroPilot ground station user interface, the software Horizon v3.4, and a radio 
modem to create a reliable link between the GCS and autopilot systems. MicroPilots’ Horizon is very useful 
in visualising the location of the UAV and other in flight data while the UAV is active. Horizon also provides 
a means of creating flight plans (of the appropriate format) and tailoring numerous control system variables 
for a number of various platforms.  
 
HORIZONmp is the visual interface to the autopilot in the ground control station. It is possible to track the 
flight path through the map display in the ground station and monitor its status and its sensors. HORIZONmp 
is also a physical interface to the autopilot, because through a pair of modem it permits to transmit waypoints 
to the aircraft and control payloads. This software has several features such as a map, an instrumental panel, 
parameters, waypoint navigation; these will be described in the following sections. 
 
 
The map. 
The map has two main functions. The first one is to display in real time the waypoints and the position of the 
aircraft during a flight or a simulation of a flight. The second one is to help the planning of the flight. It is 
possible to set the position of the waypoints using the map so that you can see the exact route that the aircraft 
will take.  
 
The advantage of this software is the possibility to load every map from commercial platforms as Google Earth 
giving the appropriate coordinates (for example north-west corner and south-east corner). 
 
There is also the option within the software to use DEMs. DEMs means Digital Elevation Models and these 
maps are far more precise and do not require coordinates to be loaded in the software. 
 
1.2 The instrumental panel. 
The instrument panel provides the main information about the aircraft during the flight in a very compact 
space. It displays current and target speed, heading, and altitude as well as throttle at battery status. 
 
The target conditions for the current portion of the flight appear above each instrument. As the flight progress, 
the values change to match the stage of the flight. For example, when the aircraft reaches a waypoint, the target 
heading changes to go to the next waypoint. Or, when the aircraft starts the landing procedure, the target 
airspeed and altitude will decrease. The main instruments showed in the panel are: 
 Airspeed indicator: shows the speed of the aircraft relative to air in kilometres per hour or knots. 
The buttons on the left side of the instrument allow to increase or decrease the target speed. 
 
The colour codes on the gauge correspond to the operational speeds of the aircraft. The white arc represents 
the speed at which the aircraft can fly with the flaps extended. The lowest speed is the flaps extended stall 
speed. The green arc is the normal operating range. The highest speed is the maximum structural cruising 
speed. The yellow arc is the caution range. It is possible to fly in this range only if the air is smooth and with 
controlled deflections of the control surfaces. The top of the arc is the VNE (never exceed speed). It is always 
dangerous to fly in the red arc. 
 
 Attitude and heading indicator: attitude and heading indicators are combined in one instrument. 
The attitude indicator is sometimes called artificial horizon. It shows the attitude of the aircraft, 
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represented by the green W shape against the horizon (the line dividing the blue and the brown). Pitch 
is marked in 10 degree increments above and below the artificial horizon. Bank in shown on the arc 
at the top of the instrument, also in 10 degree increments. 
 
The heading indicator is in the centre of the instrument and displays the ground track of the aircraft. The scale 
is marked in 5 and 10 degree increments and the current heading is above the centre of the aircraft. The orange 
marker indicates the target heading that is also displayed in the target heading box above the instrument.  
 
 Altimeter: the altimeter shows the altitude above the ground. It can be used with feet or metres as 
unit of measurement. The large hand indicates 100s of the unit and the small hand 1000s of the unit. 
 
 Autopilot status: it consists in a bar showing an error message line and three gauges. In the line are 
displayed eventual errors when the software is connected to the autopilot. The three gauges show 
percent throttle, main battery voltage and servo battery voltage (figure (3.14)). 
 
 
 
Figure 3.14: Status bar  
1.3 Horizon parameters. 
The number of parameters that must be set to achieve the best performance of the MicroPilot. The main settings 
which affect all phases of flight are contained in the flight tab. 
 
Through the servo tab it is possible to set the proper value for each moving surface such as aileron, elevator 
and rudder or even the throttle position. The vrs file contains all the specific information about PID gains, 
flight parameters as cruise speed, climb and descent rates, launch conditions; furthermore it is possible to set 
other parameters such as sensors, camera, and failure patterns. 
 
In the flight tab instead there are five important velocities that need to be set: 
 
1. Rotation speed: the speed at which the autopilot expects the aircraft can fly.  
2. Cruise speed: the speed at which the autopilot will fly between the waypoints. 
3. Climb speed: the speed at which the aircraft will climb. 
4. Descent speed: the target speed to hold during a descent. 
5. Approach speed: the target airspeed to hold when a landing approach begin. 
 
Another parameter is the “Level Flight mode”. The autopilot can use one of three strategies for maintaining 
altitude and airspeed during level flight: 
 
1. Elevator is used to control altitude and the throttle is used to control airspeed. 
2. Elevator controls airspeed and throttle controls altitude. 
3. Elevator controls altitude and throttle is fixed to the cruise throttle setting. 
 
There are advantages to each mode. If the elevator controls the altitude, then the aircraft will hold altitude with 
tighter tolerance. If the elevator controls airspeed, then the airplane will handle an engine failure more 
appropriately. The only advantage of the last mode is that is simpler to set up because the throttle is fixed. Also 
five values of the throttle need to be set: 
1. Cruise throttle: the throttle setting used to initialise the feedback loops that control the throttle once 
the airplane reaches a cruise condition. 
2. Climb throttle: the throttle used when the aircraft is climbing (normally is full throttle, but if the 
UAV has a high power to weight ratio a lower throttle can be used). 
3. Descent throttle: the throttle used when the aircraft is descending. 
4. Approach throttle: the throttle used when the aircraft begins a landing approach. 
5. Takeoff throttle: the throttle used during the takeoff (normally is full throttle).  
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Waypoints Navigation. 
 
The standard way to fly an autonomous UAV is to set the waypoints that the autopilot has to reach. The 
waypoints can be set with the ground control station software HORIZONmp. Once the waypoints have been 
positioned, the MicroPilot can navigate from one waypoint to the next. The autopilot determines that it has 
reached a waypoint when one of two conditions is met. 
 
A. The autopilot reaches a waypoint when it crosses an imaginary line that runs through the waypoint 
and its perpendicular to a line joining the current and the previous waypoint [3]. 
 
Meeting this condition prevents the autopilot from spiralling around the waypoint. Reaching a waypoint like 
this is usually caused by the waypoint being too close to the last one for the autopilot to navigate to it. So the 
waypoint is considered reached even if the UAV is not near to it. 
 
B. The autopilot reaches a waypoint when it flies the UAV between the zones centred on the waypoint 
that is a square area with sides two times the diameter of the waypoint [3]. 
 
C. The waypoint is considered reached when the aircraft is close enough even if it does not fly through 
the centre of the waypoint. 
 
Setting up simulations. 
 
HORIZONmp is also an autopilot simulator. It is possible to simulate flight paths, wind conditions, radio and 
engine failures, transmitter range, etc. It is important to simulate a flight to check that the waypoints are corrects 
and there are no mistakes in the flight plan. However there are some things that we cannot be simulated in 
HORIZONmp, and this is a strong limitation of this software. For example, external sensors, external payloads, 
onboard video camera, low fuel or battery condition cannot be simulated. The main parameters for a simulation 
can be set from the simulation tab [3].  
 
It is possible to set:  
 
· Speed: the aircraft’s starting speed. Normally is zero, if the flight stats from a take-off position; 
· Altitude AGL: the starting altitude for the simulated flight. Normally is zero. 
· Throttle: the starting throttle for the simulated flight. 
· Duration: the maximum time, in seconds, that you want your simulation to last. 
· Heading: the direction in which you want the airplane to be heading at the start of the simulation. 
· Latitude and Longitude: the coordinates to identify the starting point of the simulation. 
· Wind speed: the speed of the simulated wind (in m/sec or ft/sec depending on the choice) 
· Wind heading: the direction from which the simulated wind is blowing. 
· Transmitter range: the range of the transmitter from the ground station, so that it is possible to 
simulate a transmitter failure when the airplane flies out of the range. 
· Engine fails at step: the step of simulation in which we want to simulate an engine failure. 
HORIZONmp perform five steps each second of simulation. 
It is also possible to simulate a catapult launch (with parameters like the acceleration provided by the catapult, 
the length of the catapult, the inclination of the catapult and the angle between the airplane and the catapult), 
but the Green Falcon UAV does not need a catapult to take-off.  
 
All these parameters related to the simulation are set up in this simulation tab, based on the initial conditions, 
environment, simulation events and different types of launch. The vehicle parameters instead are saved in the 
vrs file which is unique for every type of vehicle.  
 
As will be seen in section (4) a number of simulations were developed for each task such as rural inspection, 
traffic and volcano monitoring or even powerline inspection, with the general model of Boomerang used by 
Horizonmp; in section (6) a number of simulations were developed using the Green Falcon UAV model, for 
autonomous flight, Data Collection and video monitoring purposes. 
 
3.2.10 Data Collection System. 
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The Data Collection system with some specifications for components and voltage values, will be described in 
this section. The system uses the Data Collection System described in section 2.4.3.3 with some modifications. 
Transmitter circuit. 
An important consideration about the sensors circuit which should be underlined is that the sensor 
microcontroller code written in C was used to control the time when the circuit collects and send the data 
samples. In [16] it was found that is important to implement a system which limits the data sent, in order for 
the receiver to collect the same amount from each sensor. 
In [16] the receiving circuit collected a total of 40 samples, and it was determined that each sensor would send 
only eight data samples. Due to testing limitations, the code was developed so that the sensor only sent 
collected data each second.  
A timer interrupt sequence was implemented into the code so that the data samples could be collected at the 
right time. A second interrupt sequence is also present and controls when the sensor would send the collected 
data samples. The sequence waits until it has received the appropriate activation code (###1, ###2... etc.) from 
the receiving circuit and then begins to transmit eight data samples.  
Once all of the data samples have been sent, the code begins to collect more data samples until another 
activation code has been sent. The transmitted data samples are in the form: ####STT.THHMMDDmmYYYY. 
The meaning of all symbols could be summarized as: 
· #### = syncing characters for receiver 
· S = sensor’s number (1-5) 
· T = temperature reading 
· H = hour data was collected 
· M = minute data was collected 
· D = day data was collected 
· m = month data was collected 
· Y = year data was collected 
 The sensor circuit, developed by Travis McIntosh and Dr Felipe Gonzalez, consisted of a simple LM335Z 
temperature sensor sub-circuit with an AtMega16 microcontroller and Xbee Modem. The microcontroller uses 
an operating voltage of 5V; the Modem instead operates on a voltage of 3.3V which requires an Xbee 5V 
adaptor board for interfacing between the circuit and the modem. This allowed the modem to be used with the 
5V AtMega16 microcontroller. 
Figure (3.15) shows a schematic of the Circuit: 
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Figure 3.15: Schematic of Transmitter Circuit 
The Sensor Circuit could be adapted to a PCB board using the software Circuit Wizard. The PCB schematic 
shown in Figure (3.16) has dimensions of 78.74 x 78.74 mm. The main source of these sensors is a 9V battery, 
but in the Green Falcon project should be found another alternative, because the sensors are needed for a longer 
period if the project aims to be developed for data collection purposes, which usually require longer than four 
hours, in some cases could be also 24-hours.  
 
Figure 3.16: Schematic of PCB Board for the Transmitter Circuit 
Receiving circuit. 
The receiver microcontroller controls which sensor the receiver should collects data from and also when to 
send the collected data to the ground station. According to [16] after many different hardware tests, it is 
necessary that if the system is in the same range of more than one sensor, it should collect always from only 
one of them. 
The receiver code works as that it would send a unique activation code until it received the necessary syncing 
characters, at which time it would store the received data. After a total of 40 data samples had been collected, 
the receiver circuit sent a ‘ready’ signal (####). Once this signal had been received by the ground station and 
the operator could send an activation signal (####) and the receiver continuously transmits the collected data 
samples to the ground station.  
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The receiving circuit is very similar to the sensor circuit, although it does not contain the temperature sub-
circuit. The Xbee Zigbee Modem is interfaced to the circuit with an Xbee Zigbee 5V adapter board, while the 
5V regulator provides the correct voltage for the AtMega16 microcontroller.  
The schematic for the receiving circuit is shown in Figure (3.17).  
 
Figure 3.17: Schematic receiving circuit 
The PCB board for the receiving circuit has the minimal dimensions of 78.74 x 66.04 mm, which reduces the 
sizing and weight of the receiving circuit board considerably. 
The PCB schematic is shown in Figure (3.18). 
 
Figure 3.18: PCB Schematic for the receiving circuit 
Solar Charger circuit. 
The transmitting sensors are powered by a 9V lead-acid battery. The real problem of this system for the project 
is the endurance, because if the Green Falcon UAV should fly for example 24-hours, and collecting data from 
sensors, this type of primary power is not sufficient. So a possible solution, adapting the circuit board using 
solar cells was explored by McIntosh.  
Exploring [16], the main results showed that for solar powered systems a voltage charging regulator circuit is 
implemented as a solar panel can generate voltages in excess of 20V, which would destroy a normal 12V 
rechargeable battery.   
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The charging regulator effectively monitors and controls the generated charge voltage to the battery, and 
prevents the battery from discharging back into the circuit.  
The chosen voltage regulator is shown in Figure (3.19). 
 
Figure 3.19: Circuit of Solar Charger 
3.3 OPTIMAL CONFIGURATION. 
The optimal system architecture uses the components described above. A Solid Work model was created using 
the dimensions for each subsystem.  
Figure (3.20) shows the optimal components configuration. 
 
Figure 3.20: Components configuration 
This is the optimal configuration for all the components inside the airframe, the heaviest parts are close to the 
nose, the other subsystem could be rearranged. The CAD model is a useful tool, because it allows try any 
possible configuration, before actually working on the real prototype. 
4:  MISSION SIMULATION. 
4.1 OVERVIEW. 
As discussed in section 2 and 3 one important aspect of UAV missions is a good understanding of the Ground 
Station. In this section some mission simulations using the software Micropilot Horizonmp to run different 
mission scenario will be presented. The Matlab software is used to analyze the results from the telemetry file. 
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There will be presented four test cases in Italy about generic UAV tasks such as road rural inspection, highway 
inspection, powerline inspection and volcano monitoring. These mission simulations will be used the 
Boomerang model within Horizonmp. In the second part some mission simulations over the Burrandowan 
region, which is the flight test location used by ARCAA for several years.  
4.2 MISSION SIMULATION EXAMPLES - Italy. 
Four different missions are analyzed. The UAV is performing an inspection, starting from an airfield location 
under the following prescribed initial constraints: 
o Altitude < 400 ft (about 121.9m) 
o N° of waypoints: about 20-30 
The first case is a road rural inspection, which could be used for crops surveillance or other type of monitoring 
over the fields; the second is a highway inspection, mainly used for traffic monitoring and control. The third 
is the power line inspection, which is really useful for network monitoring and the last one deals with a volcano 
inspection and monitoring. 
4.2.1 Test case 1: Rural road inspection. 
This test considers a rural road inspection in northern Italy.  
The region is bounded by the following latitude and longitude coordinates as shown in table (4.1). 
Table 4.1: Test case 1 Map coordinates 
Coordinates: 
NORTHWEST 
CORNER 
SOUTHEAST 
CORNER 
Latitude 45°21'25.39''N 45°19'57.73''N 
Longitude 7°53'36.29''E 7°57'02.22''E 
Figure (4.1) shows the location of the Vische airfield where the UAV will be launched; the road to inspect is 
highlighted in red. 
 
Figure 4.1: Vische airfield location 
Figure (4.2) shows the results for the rural road inspection; 34 waypoints are used. 
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Figure 4.2: Rural road inspection waypoints in Horizonmp 
Table (4.2) summarizes some of the results. The mission time is 22.33 min; the fuel consumption 𝐹𝑐 is equal 
to 215 g/h = 0.215 kg/h which is a typical value for the Boomerang UAV model used in simulation; so using 
the following relation, it is possible to evaluate the amount of fuel for each test case: 
𝐹𝑐 =  
𝑚𝑓𝑢𝑒𝑙
𝑡𝑓𝑙𝑖𝑔ℎ𝑡
                                                  eq. (4.1) 
𝑚𝑓𝑢𝑒𝑙 = 𝐹𝑐  𝑡𝑓𝑙𝑖𝑔ℎ𝑡                              eq. (4.2) 
 
The conversion is1𝑘𝑔 = 2.2046 𝑝𝑜𝑢𝑛𝑑𝑠; it is possible to evaluate the total amount of fuel in lbs used for each 
mission scenario using eq. (4.2) 
Table 4.2: Road rural inspection results 
Road rural inspection Values 
  
Mission time (hh:mm:ss) 00:22:33 
Fuel consumption (kg/h) 0.215 
Total fuel used (lbs) 0.1786 
Number of waypoints 34 
Wind (direction, knots) (0,0) 
 
The tabulated results for the road rural inspection are plotted using a Matlab code (see Appendix 1) which 
reads from the specified telemetry file created by MP Horizon. 
Speed vs time. 
Figure (4.3) shows the speed vs time plot. 
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Figure 4.3: Speed vs time 
It can be seen how in figure (4.3) the speed is almost constant during the cruise phase. The increasing values 
at the beginning of the mission are at taking off.  There are small oscillations during the flight, when the vehicle 
pass through waypoints, but the speed remains almost constant around(22 ± 4)𝑚/𝑠 which is desirable for a 
camera or air sampling sensors. 
Altitude vs time. 
Figure (4.4) shows the results for the altitude, the UAV takes off, and after reaching the prescribed altitude, 
will remain at approximately118𝑚 ± 3𝑚, or at least in the proximity of this value which is also desirable for 
a camera or air sampling sensors. 
 
Figure 4.4: Altitude vs time 
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GPS altitude vs time. 
Figure (4.5) shows the results for the GPS altitude vs time; it can be seen how the results from reading altitude 
values from GPS instead of the pressure altimeter are very similar. This means that GPS altitude prediction is 
quite precise, because usually GPS system is less accurate than pressure altimeters. This is due to the fact that 
pressure altimeters determine altitude based on the measurement of atmospheric pressure; the general law is 
that if the altitude is increasing the pressure is decreasing.  
Also the pressure altimeter is calibrated through a constant which depends on the acceleration of gravity and 
the molar mass of the air, the pressure at sea level, the pressure at the flying altitude and temperature. The GPS 
instead uses several satellites which can locate the altitude position, but it is less accurate and need some 
augmentation methods to be more precise. 
 
Figure 4.5: GPS altitude vs time 
Heading and Throttle vs time. 
Figure (4.6) shows Heading vs Time. This represents the angle between a line in the direction of flight and a 
plane through the longitudinal axes of the vehicle; it is considered to be positive if the nose is displaced to the 
right and negative if displaced to the left (this angle could be referred also as yaw angle). 
The Heading angle is plotted on the y-axes in degrees, and the time in the x-axes. It can be seen that the heading 
angle is changing every time the UAV is turning to reach a waypoint; it starts from 0 degree (initial position 
at take-off), and increases until 360 degrees then it will start from the initial position again. After approximately 
8 min the vehicle completes the circuit and it starts a new one.  
Figure (4.7) shows Throttle vs time. The Throttle position values oscillate between approximately 200 and 40. 
The maximum value is a bit over than 250 but only in the take-off phase and during the cruise phase it remains 
between 170 and 50. These values are relative positions of the Throttle but converted in percentages at 50 
correspond 20% and 200 is 80%; so the majority of oscillations are between 30% and 50% of Throttle. 
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Figure 4.6: Heading vs time 
 
Figure 4.7: Throttle vs time 
4.2.2 Test case 2: Main road inspection. 
This test considers an inspection above Torino-Milano highway, which is a main road inspection, and where 
there are usually heavy traffic conditions.  
The region is bounded by the following latitude and longitude coordinates shown in table (4.3):  
Table 4.3: Test case 2 Map coordinates 
Coordinates: 
NORTHWEST 
CORNER 
SOUTHEAST 
CORNER 
Latitude 45°14'27.38''N 45°02'59.25''N 
Longitude 7°31'09.61''E 8°07'09.50''E 
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Figure (4.8) shows the location of the airfield where the UAV will be launched; the section on the Torino-
Milano highway to inspect is marked in red. 
 
Figure 4.8: Torino-Milano highway location 
Figure (4.9) shows the results for the main road inspection; 21 waypoints are used. 
 
Figure 4.9: Main road inspection waypoints in Horizonmp 
Table (4.4) summarizes some of the results evaluated as previous case. 
Table 4.4: Main road inspection results 
Main road inspection Values 
  
Mission time (hh:mm:ss) 00:22:35 
Fuel consumption (kg/h) 0.215 
Total fuel used (lbs) 0.1786 
Number of waypoints 21 
Wind (direction, knots) (0,0) 
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The results for the highway inspection mission are very similar to the road rural inspection; as it can be seen 
by the following Matlab plots. 
Speed vs time. 
Figure (4.10) shows the result for the speed vs time. 
 
Figure 4.10: Speed vs time 
It can be seen how the speed is almost constant during the cruise phase as the previous case. There are very 
small oscillations during the flight, but the speed remains at(21 ± 3)𝑚/𝑠. This is still a desirable value for a 
camera or air sampling devices. There are fewer oscillations compare to the previous case because the UAV 
is searching a wider area. 
Altitude vs time. 
Figure (4.11) shows the results for the altitude, the UAV takes off, and after reaching the prescribed altitude, 
will remain at approximately118𝑚 ± 3𝑚. 
It is also important to notice that in this case the altitude oscillate less than the previous case, because the UAV 
is flying through a longer trajectory and it has more time to stabilize. 
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Figure 4.11: Altitude vs time 
GPS altitude vs time. 
Figure (4.12) shows the GPS altitude prediction which is very similar to the altitude from the pressure altimeter. 
There are small oscillations because the waypoints are much more distant from each other, so the same 
considerations made for the airspeed could be applied at the altitude. 
 
Figure 4.12: GPS altitude vs time 
Heading and Throttle vs time. 
The last two plots are Heading vs time and Throttle vs time.  
Figure (4.13) shows Heading angle or Yaw angle during the flight; as can be seen in this case there are few 
oscillation for reasons explained before. It is possible to notice that the angle increases in the first phase and 
then it remains quite steady. After 4 min it rises again until 250 degrees; then it assumes a constant behavior 
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until it increases to 360 degrees. From this point it drops to 0 and then it starts again. The first part of the graph 
when the angle assumes 360 degree and then drops to 0 is due to UAV searching for the first waypoint because 
the launch direction is not optimal.  
Figure (4.14) shows the Throttle position during the mission. Except from some peaks of 260 in the initial 
phase, and 200 at 8 min, the Throttle is bounded between 160 and 40 with some perturbation. Converted in 
percentage the range is between 30% and 50% of Throttle. 
 
Figura 4.13: Heading vs time 
 
Figure 4.14: Throttle vs time 
4.2.3 Test case 3: Power line inspection. 
This test considers an inspection above a power line network. Similar to previous cases the region is bounded 
by latitude and longitude coordinates as shown in table (4.5):  
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Table 4.5: Test case 3 Map coordinates 
Coordinates: 
NORTHWEST 
CORNER 
SOUTHEAST 
CORNER 
Latitude 45°11’38.61’’N 45°10’43.95’’N 
Longitude 7°53’37.66’’E 7°55’35.48’’E 
 
Figure (4.15) shows the location of the airfield where the UAV will be launched and the power line network 
to inspect is highlighted in red. 
 
Figure 4.15: Power line location 
Figure (4.16) shows the results for the power line inspection; 18 waypoints are used. 
 
Figure 4.16: Powerline inspection waypoints in Horizonmp 
Table (4.6) shows the results for the power line inspection. 
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Table 4.6: Power line inspection results 
TABLE 3: Power line inspection Values 
  
Mission time (hh:mm:ss) 00:21:03 
Fuel consumption (g/h) 215 
Total fuel used (lbs) 0.1654 
Number of waypoints 18 
Wind (direction, knots) (0,0) 
 
The results for the power line inspection are very similar to the other test cases. 
Speed vs time. 
Figure (4.17) shows the result for the speed vs time. 
 
Figure 4.17: Speed vs time 
The speed is almost constant during the cruise phase as the previous cases. There are few oscillations during 
the flight, when the vehicle passes through waypoints, but the speed remains around (22 ± 3) m/s which is an 
advantage for the reasons explained in previous cases. 
Compared to previous cases, in the power line inspection it can be seen how the oscillations during the flight 
are more frequent. This is mainly because the region of test case 3 is much smaller, and the UAV will have to 
increase or decrease the speed few times to follow exactly the prescribed flight path because it uses smaller 
turning radiuses.  
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Altitude vs time. 
Figure (4.18) shows the results for the altitude, the UAV takes off, and after reaching the prescribed altitude, 
will remain at approximately 118𝑚 ± 3𝑚 as test case 1 and 2. 
 
Figure 4.18: Altitude vs time 
As explained in previous cases the comparison between Altitude and GPS altitude allows to understand if the 
reading from GPS sensor is accurate enough; this means that GPS is working correctly and his prediction is 
similar to the pressure altimeter. 
GPS altitude vs time. 
Figure (4.19) shows the results for GPS altitude. 
 
Figure 4.19: GPS altitude vs time 
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Heading and Throttle vs time. 
The Heading and Throttle behaviors are now presented.  
Figure (4.20) shows Heading angle; as can be seen in this case there are more oscillation because the UAV is 
flying into a much smaller area than previous cases. It is possible to notice that the angle increases in the first 
phase, then it constantly decreases in the first 7 min with some perturbations; then it assumes 360 degrees and 
decreases again.  
Figure (4.21) shows the Throttle position during the mission. The position is bounded between 160 and 40 
with some perturbation as previous case, but there are some peaks at 260 in the initial phase and 180 during 
the flight. As previously explained the Throttle relative position could be converted and in this case the range 
is between 30% and 50%. 
 
Figure 4.20: Heading vs time 
 
Figure 4.21: Throttle vs time 
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4.2.4 Test case 4: Etna volcano monitoring. 
This test considers a Volcano monitoring in southern Italy. The region is bounded by the coordinates shown 
in table (4.7). 
Table 4.7: Test case 4 Map coordinates 
Coordinates: 
NORTHWEST 
CORNER 
SOUTHEAST 
CORNER 
Latitude 37°45’46.53’’N 37°44’13.06’’N 
Longitude 14°58’45.58’’E 15°01’17.55’’E 
 
Figure (4.22) shows the region which will be monitored; the path is highlighted in red. 
 
Figure 4.22: Etna volcano location 
Figure (4.23) shows the results for the volcano monitoring; 20 waypoints are used. 
 
Figure 4.23: Etna volcano monitoring waypoints in Horizonmp 
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Table (4.8) shows the results for this test case: 
Table 4.8: Etna volcano monitoring 
TABLE : Etna volcano monitoring Values 
  
Mission time (hh:mm:ss) 00:21:06 
Fuel consumption (kg/h) 0.215 
Total fuel used (lbs) 0.1667 
Number of waypoints 20 
Wind (direction, knots) (0,0) 
 
The results for the volcano monitoring are very similar to the other test cases; as it can be seen by the following 
Matlab plot. 
Speed vs time. 
Figure (4.24) shows the result for the speed vs time. 
 
Figure 4.24: Speed vs time 
It can be seen how the speed is almost constant during the cruise phase as the previous cases except for some 
peaks. The increasing values at the beginning of the mission are at taking off but it rapidly decreases and then 
stabilizes on the cruise speed.  There are very small oscillations during the flight as usual, but the speed remains 
at(21 ± 3)𝑚/𝑠. This is still a desirable value for a camera or air sampling devices as well underlined in 
previous cases scenario. 
Altitude vs time. 
Figure (4.25) shows the results for the altitude, the UAV takes off, and after reaching the prescribed altitude, 
will remain at approximately118𝑚 ± 3𝑚. 
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Also for this case the altitude remains quite steady for the entire flight because the UAV is flying through a 
longer trajectory and it has more time to stabilize as test case 3. 
 
Figure 4.25: Altitude vs time 
GPS altitude vs time. 
Also for this case the altitude from pressure sensors and GPS are very similar. The one received from the GPS 
is slightly minor than the one from the pressure, but the results are more than acceptable. 
Figure (4.26) shows the results for GPS altitude. 
 
Figura 4.26: GPS altitude vs time 
Heading and Throttle vs time. 
The Heading angle is shown in figure (4.27).The angle increases to 360 ± 40 degrees in the first 4 min and 
drops to 0. Then it constantly increases for 7 min with some perturbations. After about 11 min from the 
beginning of the flight it starts from 0 and increases again.  
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Figure (4.28) shows the Throttle position during the mission. The position is bounded between 140 and 60 
with some perturbation as previous cases, but there are some peaks at 260 in the initial phase but 210 and 40 
during the flight. As before the range is between 35% and 45%. 
 
Figure 4.27: Heading vs time 
 
Figure 4.28: Throttle vs time 
4.3 MISSION SIMULATION EXAMPLES – Burrandowan. 
Depending on the specific application of the Data Collection system, different missions can be designed and 
simulated. Following a general approach for the mission design, it can be noticed that in every mission scenario 
there is a defined zone to be kept under surveillance. The dimension and shape of this zone can be different, 
depending on the application. 
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In these cases scenario it will be used the same model of Boomerang by Horizonmp but the scenario is 
different; the location used by ARCAA, QUT will be explored in order to perform data collection tasks over 
different areas and initial conditions. The best position of the waypoints for a certain zone depends primarily 
on the dimensions of the area and secondarily on the weather conditions.  
 
The following sections describe different cases which have been considered. 
 
4.3.1 Test case 1: Data Collection in a small area. 
In this case the area considered is small in relation to the UAV platform. The field is in the Burrandowan 
region, North West of Kingaroy, QLD; this is the location where the ARCAA facility flight testing is 
performed. 
In this case a test field of 450x700 m can be considered small because the Green Falcon UAV is able to turn 
and remains in the specific area. The 6 central waypoints are active waypoints where Ground Sensors are 
located and there are also two navigational waypoints which are used for navigation. 
A good structure of the waypoints structure is shown in figure (4.29). 
 
Figure 4.29: Test Field 450x700 m at Burrandowan, QLD, Australia 
4.3.2 Test case 2: Data Collection in a medium- large area. 
In this case the area considered is medium or large in relation to the UAV platform. As in the previous example 
the wind is not considered; as it will be seen the wind strength and direction deeply affect the trajectory of the 
aircraft which could compromise the mission success. 
In this test case the field considered is 700x1000 m and could be considered as medium-large range. There are 
6 active waypoints are 3 navigational waypoints.  
A good structure of the waypoints structure is shown in figure (4.30). 
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Figure 4.30: Test Field 700x1000 m at Burrandowan, QLD, Australia 
Compared to the first test case the large field requires another waypoint structure to perform the mission. This 
is due to the fact that the UAV in a larger area has more space between waypoints, and due to its turning radius 
the UAV will be more stable during the simulated flight. 
4.3.3 Test case 3: Data Collection in different areas. 
In this test case a mission which covers different areas is performed. This is very useful when the UAV wants 
to collect data when Ground Sensors are placed in two different zones. In this case it can be seen 4 active 
waypoints are used in an area dimension of 300 x 400 m and other four active waypoints are used for a area of 
300 x 350 m. The last remaining four waypoints are used for navigation as in the previous cases. 
A good structure of the waypoints structure is shown in figure (4.31). 
 
Figure 4.31: Test Field at Burrandowan, QLD, Australia 
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4.3.4 Test case 4: Data Collection in different wind conditions. 
In this test case the effect of the Wind will be considered. A Wind = 20 km/h South is implemented in 
Horizonmp and at this speed it could be easily referred as weak. As can be seen in figures (4.32a and 4.32b) 
the trajectory of a large-medium area compared to test case 2 does not change significantly and the mission 
could be performed. The trajectory in case of low speed wind is less accurate especially in the first phase after 
the UAV takes off, but it does not affect the performance and the vehicle can flies over the active waypoints. 
 
Figure 4.32a: Wind=20 km/h test case,Burrandowan, QLD, Australia 
 
Figure 4.32b: Test case 2 no wind condition,Burrandowan, QLD, Australia 
In the second case a Wind of 35 km/h towards the South direction is considered and compared to the test case 
1. In this case it can be referred as strong and it affects the UAV’s trajectory during the flight. The UAV in 
this case is no longer able to reach every waypoints and the trajectory as can be seen in figures (4.33a and 
4.33b) is deeply affected; with this wind speed it is unstable and cannot be controlled properly. 
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Figure 4.33a: Wind=35 km/h test case,Burrandowan, QLD, Australia 
 
 
Figure 4.33b: Test case 1 no wind condition,Burrandowan, QLD, Australia 
5:  INTEGRATION OF THE AUTOPILOT AND OTHER SUBSYSTEMS. 
5.1 OVERVIEW. 
In this section the MP Autopilot, the Data Collection system and the CCD camera will be integrated with the 
UAV (section 5.2).  
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5.2 INSTALLATION AND INTEGRATION. 
One of the most important steps in the project is to install and integrate the Autopilot system, as well as the 
Data Collection system and Camera. Descriptions of the process used to successfully integrate all the 
components will be discussed in the following subsections. 
5.2.1 Preliminary analysis before installation. 
Before trying to install the MP Autopilot and the other subsystems it is necessary to find a suitable position for 
each system as shown through the CAD analysis in section (3). The first step is to shift the servos back to the 
tail in order to have more space in the inner part of the fuselage. Then Autopilot, Radio Modem and Data 
Collection system has to be placed considering that the primary battery and the engine will be installed at the 
front close to the nose. 
5.2.2 Physical installation. 
In the original configuration of the Green Falcon, servos were placed in the centre of the airframe not leaving 
enough space to integrate the other subsystems. In this project additional payload as well as a Micropilot 2028g 
is used. 
Using the enclosures built by QUT Rapid Prototype section (3.2.8), the MP Autopilot and Radio Modem can 
be placed inside the Green Falcon airframe. 
Figure (5.1) shows the complete Green Falcon airframe and subsystems before assembly. 
 
Figure 5.1: Green Falcon subsystems 
5.2.3 Servos integration. 
The new servos will be placed in a position which leaves more space inside the airframe to integrate all other 
subsystems. It was decided to shift them very close to the tail, near the elevator and closer to the rudder.    
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The right servo controls the elevator so it is shifted close to it. The left servo instead controls the rudder and it 
will be placed next to it. 
Using this solution there is enough space in the central part of the airframe to place the Autopilot, the Radio 
Modem and the other subsystems.  
Figure (5.2) shows the original position for the servos compared to the new solution. 
 
Figure 5.2: Comparison between servos configuration 
Figures (5.3), (5.4) show the new position for the servos. 
 
Figure 5.3: Right servo new position 
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Figure 5.4: Left servo new position 
To fix the servos in the new configuration it was used the drill to make the openings in the tail and a cutter to 
define the new allocation; strong glue allows the servos to be fixed in that particular position and some tape to 
avoid possible misalignments.  
5.2.4 MP Autopilot and Radio Modem integration. 
In this section connections between MP Autopilot, Radio Modem and Servo Board will be explored. The way 
in which all of these systems are integrated is described in the following diagram: 
 
 
 
Figure 5.5: Autopilot Component with interfaces of the Green Falcon system 
As can be seen in figure (5.5) different hardware components are used in the above configuration. The MP 
2028g (highlighted in red) has the Pitot tube attached for pressure altimeter and airspeed indicator.   
The servos connected through a servo board will be explained next.  
The MicroPilot components are modular because each component adds functionality to the system but cannot 
operate independently of the main autopilot board. This is very important because if the Autopilot fails there 
is no longer possibility to control the system in autonomous mode but only in RC mode for safe landing. 
The basic configuration required for autonomous flight (this does not include autonomous take off and landing) 
is made up of by the MicroPilot board, at least one servo board, an RC receiver, a Pitot tube, the GPS antenna 
and a radio modem as well as two separate power supplies.  
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The ground control station configuration will consist of at least one PC running the MicroPilot ground station 
user interface, namely Horizon v3.4, and a radio modem to create the link between the GCS and autopilot 
systems. MicroPilot Horizon is very useful in visualizing the location of the UAV and flight data while is 
active.  
The telecommunications subsystem will provide a remote connection between the Horizon interface and the 
MP2028g autopilot board. Similarly the RC receiver relies on the autopilot board to process incoming control 
signals from the RC transmitter and transmit these to the servo board. 
The onboard radio modem, the Microhard 920a (MX920a) was implemented. The way in which the Microhard 
system interfaces with the autopilot board is simply through an RS-232 serial connection.   
The MP2028g autopilot includes a P2 connector harness with pins designated for serial communications. The 
pins used for serial communications are pins 22, 24 and 26. These pins (J12) are connected via a 3 pin serial 
cable to pins 5, 6 and 7 (note these are not the only pins used on the Microhard but they are the only pins which 
are directly interfaced with the MP2028g).  
The following schematic (figure (5.6)) illustrates the interface between the two: 
1
2
3
4
5
6
7
8
TXD to Pin 1 @ J12
GND to Pin 2 @ J12 
RXD to Pin 3 @J12
TO 12V Power supply
GND to CFG
J12
1
3
2To MP2028g
 
Figure 5.6: Serial Communications interface between MP2028g and MHX920a 
The recommended settings parameters through Hyper Terminal are:  
 Baud rate 9600bps 
 8 bits 
 no parity 
 1 stop bit 
 no flow control 
Radio Control is achieved through MicroPilot by connecting the RC receiver with the P2 connection harness. 
The P2 harness has inputs for RC control transmission signals including an auxiliary input to switch between 
the three following modes: 
1. PIC (Pilot-In-Control): RC Pilot has complete control of the aircraft including all control surfaces 
and throttle 
2. RCON: The autopilot assumes control of the attitude of the aircraft with the RC Pilot still in control 
of the throttle 
3. CIC (Computer-In-Control): The autopilot assumes total control including throttle 
 
The RC receiver is also powered via the throttle signal line which is identified as having +V and ground lines.  
The current mode is displayed in the status bar of the Horizon 3.4 GUI. Note that each mode is called by signal 
pulse widths of specific periods.  
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The completed autopilot hardware configuration, including servo boards and the autopilot board, requires two 
separate power supplies; one for the MP2028 board itself and one for the servo board.  
Similar to the telecommunications interface the MP2028g has a supplied dedicated connector (J2) for a power 
supply of 4.2V to 27V. The recommended voltage level is approximately 12V. The pins used to supply power 
to the autopilot are pins 1, 2 and 3. These are designated Ground, +V and V sense respectively, where V sense 
is a passive line which measures the main battery voltage.  
The servo battery voltage is supplied directly to the servo board (or multiplexer). This battery voltage must be 
more than 4.8V, to drive the servo motors, and is connected to the J1 terminal located at the top left of the 
servo board.   
Due to the high current of the servo motors at certain times, the battery voltage may drops to levels below the 
minimum allowed by autopilot voltage.  
The MP2028g autopilot board (combined with the servo boards) provides PWM signals to control a specific 
number of servo motors which provide a mechanical interface to the structural components of the system.  
The servo board (see figure (5.7a)) is used to multiplex signals from the main autopilot board through the P1 
connection harness (see figure (5.7b)). The incorrect orientation of the J11 terminal with the P1 connector must 
be avoided as it may damage the main autopilot board. The correct orientation is noted by the red line 1 
connecting to the pin 1 of the servo board located at the top of the board. 
 
 
 
Figure 5.7: a) Single servo board; b) Schematic of the P1 connection. 
In the end, the servo boards contain PWM signal power limitations. Each servo board provides 3A divided 
equally to all servo motors connected to it. This is due to the pin capacities of the J1 connector. In the project 
it is used a two-servo configuration, so each servo has 1.5A of current.  
Issues with the integration of the Micropilot Autopilot. 
There were some issues during the Micropilot Autopilot integration; these were due to GPS receiver installed 
on board of the Autopilot 2028g. During bench testing it was observed that the GPS receiver included in the 
MP Autopilot 2028g was not locking to the Ground Station through Horizon Software; in this case it is 
extremely important to understand the problem in order to achieve full control in flight tests. 
To solve this issue several GPS antennas were tested without success. The problem was due to the GPS antenna 
integrated in the 2028g which was not working properly. In the end a new version of the Micropilot Autopilot 
2128Heli which let us continuing the bench tests was used. After installing the 2128Heli on the Green Falcon 
platform, other tests were performed and in this case the issue with the GPS was no longer present.  
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With Micropilot 2128heli the user has more capabilities but this project does not need the use of the extra 
features. Please refer to [3] for more specifications on the different type of Micropilot Autopilots. The main 
differences in terms of configuration are as follow: 
The 2028g configuration is shown in figure (5.8). The 2128heli configuration is shown in figure (5.9). 
 
Figure 5.8: 2028g MP autopilot 
 
Figure 5.9: 2128heli MP autopilot 
 
As can be seen the GPS has been placed in a different way, as well as the airspeed transducer and the altitude 
transducer. Also the P1 has more pins compare to the older version the 2028g but the P2 and P3 remain the 
same in both version of the autopilot. 
5.2.5 Data Collection system integration. 
The Data Collection system consists of 5 Ground sensors which will be placed at the waypoint locations in the 
flight testing area, a Ground control station connected to the computer and the Receiver with an antenna which 
will be integrated in the Green Falcon airframe.  
The Ground sensors are powered with a 9V acid-lead battery, except for one which may work as a solar-
powered sensor; however in this project this sensor is powered by the acid-lead battery as well. The Onboard 
Receiver for data collection also is powered by the same battery of the Ground sensors, which is sufficient for 
the flight tests duration (about 4 hours). 
The only issue is encountered with the position of the antenna should point the ground during the flight to 
receive a better signal but it is not a constraint. 
Figure (5.10) shows the Data Collection System with the GCS, the Receiver and the 5 Transmitters. 
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Figure 5.10: Data Collection System 
In the final configuration of the installation and integration process the Receiver was placed inside the fuselage 
which gives the device a bit more protection with the antenna fixed to the sensor receiver and attached 
externally to receive a better signal from the Ground sensors and transmit the information to the Ground station 
after collecting all the data from each sensor. 
5.2.6 Camera integration. 
Another subsystems which need to be integrated was the video system. Using a small CCD Camera which will 
be installed in the lower part of the wing, the system is able to transmit visual data that could be used for visual 
monitoring purposes. 
  
The system includes a SONY CCD 1/3 inch camera, a 900 MHz 8 channels Video Transmitter and a 12 channel 
Video Receiver at the same frequency. The video Transmitter requires 1500mW of power. 
 
The CCD camera is placed in the lower part of the fuselage so it can record ground images while the UAV is 
flying for monitoring purposes. 
Table (5.1) shows the main specifications. 
 
 
 
Table 5.1: Camera and Transmitter specifications 
Specification Value 
CCD sensor type   1/3 colour SONY CCD 
NTSC 510(H)*492(V)   
PAL  500(H)*582(V) 
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Scanning system  Interlaced scanning 
Horizontal resolution  420TV line   
S/N Ratio  48dB   
Gamma Modification 0.45   
Lens  3.6MM 
Input voltage  9~12.6V 
Electric current  80MA 
Electronic Shutter   1/50 (60) ~ 1/100,000s  
Video output  1.0VP-P composite video   
Operation Temp.  -20~50 
Size  38*38mm 
Channel   8-Ch, AV synchronization 
Power  1500mW 
Input voltage  12V 
Weight  18g  
Size  73x41x14mm 
Frequency  0.9G 0.910G,0.980G,1.010G,1.040G 
 
4.2.7 Video system final configuration. 
In the final configuration it was decided to place the camera under the fuselage even though the UAV is 
designed to do a belly landing. The idea is to use a proper enclosure which offers the device good protection 
and filled inside with foam so the camera does not move.  
After placing the camera properly more foam was used on the top so the camera remains fixed inside the 
enclosure when it is screwed to the bottom of the fuselage. 
Figure (5.11) shows the enclosure being installed on the lower part of the Green Falcon airframe. 
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Figure 5.11: Camera enclosure 
This section focused on the integration of the different subsystems with particular interest on specification and 
techniques used to install the subsystems inside the Green Falcon airframe. In the next subsection some bench 
tests are presented. 
Bench tests at ARCAA. 
After installing all the subsystems a few bench tests were required to verify the system in a safe environment 
before the real flight tests. The Green Falcon was tested outside ARCAA to lock and obtain the correct GPS 
signal.  
Bench tests performed are summarized as follow: 
1. GPS: in this test the Green Falcon was brought outside in order to receive the GPS signal. After 5 min 
the autopilot was able to lock with the GPS allowing visualization of the correct position through the 
Ground Control software Horizon mp. 
 
2. RC mode: the aim of this test was to test the Remote control mode after achieving complete control 
of the autopilot through the Ground Control software. The Remote controller provided the signals and 
the servos that control rudder, elevator and aileron were moving correctly. 
 
3. Surfaces: the surfaces were calibrated through Horizonmp to set up the servos zero position, and 
maximum travel; they were then tested in Autopilot mode and were responding to the commands. See 
Appendix 3 for the Servos tab. 
 
4. Attitude Sensors: the attitude sensors were tested through Horizonmp in order to verify the correct 
orientation of the vehicle. After locking the GPS it was possible to move the plane and check that the 
orientation was correct and displayed clearly. 
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5. Autopilot response: in this test the autopilot response was checked by moving the airplane. It was 
possible to verify if the servos where correcting the orientation. 
 
6. Motor: the engine was tested outside ARCAA. It was possible to verify the response through 
Horizonmp; the GUI allowed displaying the percentage of throttle. The range was from 0 to 90.6% 
which is a reasonable value found during software calculations. 
 
7. Airspeed: the Pitot tube was tested inside the building blowing air in the front part of the tube and 
checking if it was displaying the airspeed through Horizonmp. The airspeed displayed was around 50 
km/h. 
 
8. Data Collection System: in this test all the Ground sensors were placed on the bench and the Ground 
station was turned on. Once the Receiver was turned on a link through Hyper Terminal was 
established. At this point the Ground sensors were turned on and after receiving the first initialization 
code, the receiver was ready to collect data from each sensor. After collecting all the samples the 
receiver sent the ready code, in order to transmit all the data to the ground station. The system was 
working as expected. 
 
9. Video Camera System: in this last test the camera installed on the bottom part was tested. The receiver 
was connected to a video camera which was able to receive .avi input and record it. After turning on 
the camera on board in the Green Falcon, the video camera recorded a test video for 5 min.  
6: FLIGHT TESTS PLANNING AND SIMULATION RESULTS. 
6.1 OVERVIEW. 
In this section a description of the Autonomous flight plan tests and Data Collection actual results are 
presented. Simulations and actual fight tests will follow with the results obtained.  
6.2 FLIGHT TESTS PLAN. 
The first step in order to perform a Data Collection mission is to plan the mission. It is necessary to specify the 
test location and purposes. Then it is important to define a test methodology specifying the time for each test, 
the risk analysis and mitigation. Finally it is useful to provide a brief description of the expected results from 
the simulated tests.  
6.2.1 Simulated tests location. 
The location chosen was Burrandowan (about 250 km north from Brisbane, QLD Australia). This was chosen 
because is the main flight test location used by ARCAA over the past 3 years.  
Table (6.1) shows the coordinates for this test location and figure (6.1) shows a Google Earth image of the test 
location which will be loaded as a map in the Horizonmp ground control station software. 
Table 6.1: Test location coordinates Burrandowan,QLD,Australia 
 North-West corner South-East corner 
Latitude 26:26:53.1200S 26:28:46.0400S 
Longitude 151:22:16.0000E 151:25:14.8800E 
 
                                                                                                       
 
64 | P a g e  
 
 
Figure 6.1: Flight tests location Burrandowan,QLD,Australia 
6.2.2 Test purpose. 
The purposes of the flight test plans are to prove: 
 Reliability of the planned flight trajectory in order to tuning the PID gains to achieve autonomous 
flight 
 Reliability of the planned flight trajectory in order to verifying autonomous flight of the Green Falcon 
UAV 
 The capability of collecting data from ground sensors using the receiver-transmitter based system 
previously described 
 The capability of monitoring a specific area through the video camera system  
 
6.2.3 Test methodology. 
The test methodology explores the different types of tests which will be performed. Four tests have been 
planned for the flight tests which will test the system capability in order to verify the correct response of the 
UAV in terms of mission tasks. 
6.2.3.1 Test Case 1: PID gain tuning for the Green Falcon UAV. 
Test Case 1 deals with tuning the gains of the PID controller. A very simple mission is performed in order to 
set the right values for each of the gains; the proportional P, the integral I and the derivative D. The waypoint 
structure is a square which allows the UAV to perform a circle anti-clockwise and check the stability during 
the flight. The yellow waypoint represents the starting waypoint. The procedure is to start from the default 
gains (see Appendix 3) and tuning based on the vehicle response in order to stabilize the UAV during the 
flight. This test simulation results will be presented in the second part of this section. 
Figure (6.2) shows the waypoint structure through the control software Horizon. 
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Figure 6.2: PID gain tuning for the Green Falcon UAV at Burrandowan,QLD,Australia 
6.2.3.2 Test Case 2: Autonomous flight test for the Green Falcon UAV. 
Test Case 2 deals with the verification of the autonomous flight of the Green Falcon UAV. The waypoint 
structure in this case is different from the previous case but remains simple; in this test case the UAV will 
perform a flight to verify the capability of the autopilot. The yellow waypoint represents the starting waypoint. 
The area which will be explored by the Green Falcon is close to the airstrip such as in Test case 1 because in 
a real flight test it will be easier to control the UAV in RC mode if the vehicle does not response as predicted.  
This test simulation results will be presented in the second part of this section as the previous case. 
Figure (6.3) shows the waypoint structure. 
 
Figure 6.3: Autonomous flight test for the Green Falcon UAV at Burrandowan, QLD, Australia 
6.2.3.3 Test Case 3: Data Collection flight test for the Green Falcon UAV. 
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Test Case 3 deals with the verification of the Data Collection system. The waypoint structure in this case is 
different from the previous case; in this test mission the UAV will perform a flight to verify the capability of 
the Data Collection system. The five Ground sensors are placed in each waypoint location and the UAV is 
flying above them to collect data from sensors. The system as described in 3.2.11 includes five Ground sensors 
in each waypoint and other waypoints used for navigation. The UAV is flying in autopilot mode and collecting 
temperatures when it reaches each sensor. Using HyperTerminal on the Ground Control Station the results are 
analyzed by experts and some results in terms of temperature on the ground are obtained. 
The yellow waypoint represents the starting waypoint as the previous case. The other two waypoints are used 
for navigation and the five waypoints in vertical represent the location of the ground sensors. This test will be 
verified in a real flight test using the ARCAA Cessna 172 platform to perform the test. A similar mission will 
be performed and described in the second part of this section. 
Figure (6.4) shows the waypoint structure. 
 
Figure 6.4: Data Collection flight test for the Green Falcon UAV at Burrandowan, QLD, Australia 
6.2.3.4 Test Case 4: Video monitoring flight test for the Green Falcon UAV. 
Test Case 4 deals with the verification of the Video system. The waypoint structure in this case is different 
from the previous cases; in this test mission the UAV will perform a flight to verify the capability of the Video 
system monitoring a bush area. A possible application will be monitoring a bushfire area launching the UAV 
from the base location and receiving a real time monitoring of the area of interest. In this project this mission 
simulation will remain only theoretical. 
In this case the UAV is flying to each waypoint in autopilot mode and monitoring the area through the camera 
mounted on the bottom part of the fuselage. A Recording Camera which supports .avi inputs is connected to 
the Video Receiver. This allows recording the image from the CCD camera placed on the UAV which is be 
useful in monitoring tasks such as in case of a bushfire. Another surveillance tool is a video screen which could 
be connected to the receiver and to visualize the image in real time from the on board SONY CCD Camera. 
The yellow waypoint represents the starting waypoint as the previous case. Figure (6.5) shows the waypoint 
structure. This test will remain only simulation, but actual results will not be presented in this report. 
                                                                                                       
 
67 | P a g e  
 
 
Figure 6.5: Video monitoring flight test for the Green Falcon UAV at Burrandowan, QLD, Australia 
6.2.4 Standard telemetry files analysis. 
The standard telemetry file, recorded by MicroPilot through the ground control station software, was used to 
analyze the flight test data. The standard telemetry file contains sensor data collected during the flight. For this 
research was important to analyze the path of the UAV during the mission, hence the time stamp and the GPS 
coordinates were considered. 
 
6.2.4.1 Coordinates conversion and plots. 
 
The GPS coordinates are recorded as values of Latitude and Longitude. It is necessary to convert these 
coordinates in relative Cartesian coordinates, in order to plot the flight path on a Cartesian plane.  
 
The method used to convert the coordinates is described by the flowchart in figure (6.6). 
 
The first step was to load in Excel the .txt telemetry file. The second step was to find the minimum value of 
latitude and longitude recorded during the flight. Then, an iteration of steps 3-5 is performed, where N is the 
number of coordinates in the telemetry file.  
In step 3 the reference system for latitude and longitude is translated, according to the minimum values of 
latitude and longitude found in step 2. The conversion in Cartesian coordinates is then performed (step 4). For 
the latitude conversion, it is sufficient to apply the definition of mile. (1 mile (1852m) is defined as the distance 
on the earth surface corresponding to 1’ of latitude). 
 
The latitude is recorded in degrees, but was converted in minutes multiplying by 60. The value obtained is then 
multiplied by (-1), being the location of the flight in the southern hemisphere. For the longitude a correction 
needs to be done by adding a term with the cosine of the latitude at the test location, as the parallel is not 
maximum and it is scaled with the cosine of the latitude. Five plots were obtained in step 5 and an extra plot 
which shows the 3D flight path.  
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Figure 6.6: GPS Coordinates conversion needed to change the log file from Horizonmp GPS 
coordinates system 
6.3 FLIGHT TEST PLAN RESULTS. 
The flight test plan is useful to plan the mission in order to verify the UAV response in simulation. The 
simulated mission is presented as well as diagrams analyzed from the telemetry files through Matlab which 
will convert GPS measurements into a Cartesian system as previously explained (see Appendix 2).  
6.3.1 Test Case 1 flight plan simulation results. 
The test case 1 simulation results for using the software Horizonmp are shown in figure (6.7). 
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Figure 6.7: PID loop tuning at Burrandowan,QLD,Australia 
The UAV is flying anti-clockwise and the green waypoint represents the next waypoint during the flight 
trajectory. Using the log file from Horizonmp is possible to plot some diagrams. Figures (6.8)(6.9) show the 
2D and 3D flight plan referred to the Test Case 1. In the 2D flight plan diagram the GPS longitude on x-axis 
and GPS latitude on y-axis are plotted. In the 3D plot the GPS altitude on z-axis is also integrated. 
 
Figure 6.8: PID loop tuning 2D flight plan 
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Figure 6.9: PID loop tuning 3D flight plan 
Figure (6.10) shows the GPS longitude due to the GPS altitude. The longitude which represents the east-west 
position of the aircraft remains almost constant in the first phase when the UAV is taking off until 40 m of 
altitude and then it decreases from 750 m which is the initial relative position to 300 m when it reaches the 
prescribed altitude (115 m) set in the .vrs file (see Appendix 3). 
 
Figure 6.10: PID loop tuning GPS longitude vs GPS altitude 
Figure (6.11) shows the GPS latitude relative position compared to the GPS altitude as in the previous diagram. 
The latitude which represents the north-south position, starts from -350 m and increases to -80 m when the 
UAV reaches the prescribed altitude. As in the previous case the altitude remains (115 ± 2) m.  
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Figure (6.12) shows the GPS altitude vs the GPS time. In the first phase when the UAV takes off it reaches 60 
m and remains steady. The UAV starts to climb to the prescribed altitude 115 m with some perturbation. The 
altitude remains bounded (115 ± 2) m until the end of the simulated flight. 
 
Figure 6.11: PID loop tuning GPS latitude vs GPS altitude 
 
Figure 6.12: PID loop tuning GPS time vs GPS altitude 
Figure (6.13) shows GPS speed vs GPS time. The speed increases in the first phase when the UAV takes off 
until it reaches 27 m/s (90 km/h). Then decreases after 3 min and remains steady around (15 ± 2 )m/s (54 km/h) 
until the end of the simulated flight. 
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Figure 6.13: PID loop tuning GPS time vs GPS speed 
6.3.2 Test Case 2 flight plan simulation results. 
The test case 2 simulation results through the software Horizonmp is now presented as shown in figure (6.14). 
 
Figure 6.14: Autonomous flight test at Burrandowan,QLD,Australia 
The UAV is flying clockwise and the green waypoint represents the next waypoint during the flight trajectory. 
In this case the UAV is no longer flying in circles as the first case, but it reaches the waypoints in a different 
path.  
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Using the log file from Horizonmp is possible to plot some diagrams. Figures (6.15)(6.16) show the 2D and 
3D flight plan referred to the Test Case 2. In the 2D flight plan diagram the GPS longitude on x-axis and GPS 
latitude on y-axis are plotted. In the 3D plot the GPS altitude on z-axis is also integrated. 
 
Figure 6.15: Autonomous flight test 2D flight plan 
 
Figure 6.16: Autonomous flight test 3D flight plan 
Figure (6.17) shows the GPS longitude due to the GPS altitude. The longitude remains almost constant in the 
first phase when the UAV is taking off until 40 m of altitude and then it increases from 800 m which is the 
initial relative position to 1170 m when it reaches the prescribed altitude (115 m) set in the .vrs file see 
Appendix 3. 
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Figure 6.17: Autonomous flight test GPS longitude vs GPS altitude 
Figure (6.18) shows the GPS latitude relative position compared to the GPS altitude as in the previous diagram. 
The latitude starts from -300 m and increases to 0 m when the UAV reaches 80 m, then it decreases to -150 m 
when it reaches the prescribed altitude. As in the previous case the altitude remains (115 ± 2) m.  
Figure (6.19) shows GPS altitude vs GPS time. In the first phase when the UAV takes off it reaches (115 ± 2) 
m and remains around this value until the end of the simulated flight. 
 
Figure 6.18: Autonomous flight test GPS latitude vs GPS altitude 
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Figure 6.19: Autonomous flight test GPS time vs GPS altitude 
Figure (6.20) shows GPS speed vs GPS time. The speed increases in the first phase when the UAV takes off 
until it reaches 26 m/s (90 km/h). Then decreases after 2 min and remains steady around (13 ± 2 )m/s (50 km/h) 
until the end of the simulated flight. 
 
Figure 6.20: Autonomous flight test GPS time vs GPS speed 
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6.3.3 Data collection system flight test results. 
The Data Collection system was tested before the actual integration on the Green Falcon UAV in order to 
verify the Data Collection system capabilities. 
6.3.3.1 Flight test location. 
The test was performed the 23rd of February at Kingaroy (about 180 km north from Brisbane, QLD). The test 
was performed with the ARCAA Cessna aircraft at an altitude of 490 ft (about 150 m) and speed of 80 kt (about 
150 km/h). The Cessna aircraft was used because of the availability and reliability of this platform to perform 
an actual flight test before integrating the Data Collection System within the Green Falcon UAV. 
The ground sensors were placed close to the airstrip at a distance of 250 m from each other. The total length 
of the airstrip is 1.60 km. 
Figure (6.21) shows the airstrip location and the ground sensors position. 
 
Figure 6.21: Kingaroy airstrip location and sensors position 
The Cessna aircraft was flying above the airstrip in a circuit with the Data Collection receiver on-board and 
was collecting the data from each sensor as explained in subsection 3.2.11.  The Ground station was controlling 
the system through the Hyper terminal. When the receiver collected all the data from each sensor, it was 
requiring the activation code to transmit  the data from the receiver to the ground station connected through 
the hyper terminal. 
6.3.3.2 Flight test results. 
The flight test results were obtained using the Windows Hyper terminal, with a modem connected as ground 
station that was receiving the data transmitted by the data collector device onboard. The method used was 
described in the subsection 3.2.10.  
Figure (6.22) shows a screenshot of the Hyper terminal when the receiver is transmitting all the data from the 
ground sensors to the ground station. 
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Figure 6.22: Hyperterminal results 
Table (6.3) shows the temperature results for the ground sensors rearranged from hyper terminal. It is possible 
to see that each sensor has been collected 8 samples from the ground, and the average temperature is around 
28-29 °C. 
Table 6.3: Ground sensors temperature results 
Sensor 1 
Temperature °C  
Sensor 2 
Temperature °C 
Sensor 3 
Temperature °C 
Sensor 4 
Temperature °C 
Sensor 5 
Temperature °C 
   27.0120006    27.8120006    29.5120006    32.2120006    29.3120006 
   26.0120006    31.7120006    29.5120006    31.3120006    29.8120006 
   27.0120006    28.8120006    29.5120006    29.8120006    29.8120006 
   28.0120006    27.8120006    29.5120006    28.3120006    29.8120006 
   25.0120006    26.4120006    29.5120006    27.8120006    29.3120006 
   26.0120006    25.9120006    29.5120006    27.4120006    29.3120006 
   26.0120006    25.4120006    29.5120006    27.4120006    29.8120006 
   27.0120006    25.4120006    29.5120006    27.4120006    29.3120006 
The results were positive, because the receiver collected from the ground sensors and transmitted to the ground 
station by Hyper terminal. When planning a mission by Horizonmp if the ground sensors are placed in every 
waypoint location using a GPS system to know the exact position, is possible to perform a real Data Collection 
mission with the Green Falcon UAV platform in autonomous flight.  
A possible application could be using the ground sensors in a remote location and sending the UAV 
autonomously collecting the Data from each sensor and sending the information to the ground station in order 
to be analyzed from the experts, especially if an emergency situation occurs. 
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7.1  CONCLUSION. 
The objective of this research was to develop an autonomous UAV for Data Collection and Video Monitoring. 
After a comprehensive literature review on existing unmanned aerial systems, solar-powered UAVs, autopilot 
systems and background research on wireless sensors, a methodology for developing the autonomous UAV 
was chosen.  
A system architecture which is based on the integration of different subsystems within the UAV platform was 
performed, as well as the CAD model analysis and a trade-off methodology to choose the best components 
that will be integrated. The ground station software Horizonmp was explored with a comprehensive review on 
its functionalities and interface with the autopilot system. How to set the software parameters in order to obtain 
a good waypoint structure and specific files for the Green Falcon UAV platform was the main concern of this 
research. The Data Collection system as well as the optimal configuration for the integration process was also 
discussed.  
Some mission simulations using the ground station software were performed, in order to understand the 
behavior of the UAV performing specific tasks, such as Data Collection over predefined areas, or video 
monitoring as well as inspecting roads, power line network and volcano areas. Then some mission simulations 
over the Burrandowan region which is the ARCAA flight test location were explored. 
The integration process dealt with the integration of the subsystems within the UAV platform; the interface of 
the autopilot system with the servos, engine and telecommunication system was the main objective; the Data 
Collection system and Video monitoring system were integrated in the second stage. The final stage of this 
process was the bench tests in order to prove the correct integration of the subsystems. The result of the 
integration process was a UAV ready to be flight tested in a real environment to achieve autonomous flight, 
and collecting data from ground sensors as well as video monitoring particular areas of interest. 
The final part of this research dealt with flight tests simulations, in order to plan specific missions to control 
the UAV and achieve fully autonomous flight, collecting data from ground sensors as well as video monitoring. 
7.2 FUTURE WORK. 
The following is a list of future work based on the result of this research: 
 Flight testing of the Green Falcon UAV to achieve autonomous flight through tuning the PID gains 
and modify the .vrs file in Horizonmp. 
 
 Testing the Data Collection system on board within the UAV platform to achieve the data collection 
autonomously when the Green Falcon UAV is flying.  
 
 Modify the Data Collection sensors microcontroller code to obtain sensors that could be used for 
sampling independently from each other without the constraint to collect in the prescribed order (from 
number 1 to number 5). 
 
 Modify the Data Collection sensors main input power from 9V acid-lead batteries to solar power 
using efficient solar cells. 
 
 Testing the Video Camera system when the Green Falcon UAV is flying in order to achieve 
autonomous video monitoring over specific areas of interest. 
 
 Perform further flight tests in order to combine autonomous flight and sensors capabilities, controlling 
the camera and payload with the ground station software Horizonmp. 
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